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ABSTRACT
The rationale of air sampling in testing for compliance with 
occupational hygiene standards, and the complementary relationship 
between air sampling and biological monitoring has been reviewed 
briefly. The criteria for selection of solid sorbents has been 
discussed and thermal desorption compared with solvent desorption, with 
respect to sample recovery and other factors. The synthesis of a novel 
polyimide sorbent prepared from the condensation product of 
bis(4-amino)sulphone and pyromellitic dianhydride has been described, 
together with an evaluation of the thermal properties of some 
polyimide s.
The chromatographic theory of asymmetric elution profiles from short
sampling cartridges has been discussed, with reference to the
definitions of mean residence time, peak median and centroid.
Enthalpies of adsorption and retention volumes of organic solvents on 
Tenax, Chromosorb 106, Spherocarb, activated charcoal and some 
polyimides have been determined by extrapolation of chromatographic 
retention volumes at different temperatures. It has been found that 
the breakthrough volumes of some solutes on Tenax were smaller than 
would be expected from their mean residence time and it has been 
proposed that some steric factor is responsible for increasing the mass
transfer resistance between gaseous and sorbed phase.
The advantages of diffusive sampling for organic vapours in the 
workplace have been presented. The theory of diffusive sampling has
been reviewed extensively, with discussions of the application of 
Fick's first law to the 'ideal' sampler, the effects of air velocity, 
the sampling of 'transients', and the effects of sorbent saturation in 
thin-bed and thick-bed samplers. It has been shown how the gas 
chromatographic retention volume parameter can be related to a simple 
model of uptake as a function of time.
The operation of a dual-capillary thermal desorption analytical system 
has been described. Retention index data showing the effects of ageing 
on cross-linked silicone phases has been presented. The change over 3 
years was about 1-2 index units. Recovery data has been given for 42 
common organic solvents stored on Tenax thermal desortion tubes for up 
to one year, and the effectiveness of long-term methods of sealing the 
tubes has been assessed. The recovery after one year was >95% for most 
solvents.
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INTRODUCTION
1.1 Chemical Hazards at Work
In recent decades the workplace might be perceived as less hazardous, 
following the introduction of legislation to control the more obvious 
risks from toxic vapours metals and dusts. For example, many of the 
19th century UK Factories Acts were passed not as a result of lobbying 
from pressure groups, which barely existed, but because much of the 
affected working population, in daily contact with acutely toxic 
materials, had been disabled or had died prematurely. Therefore it was 
a shortage of labour which impelled changes during this time, rather 
than social factors. In recent years it has been recognised that 
health may be as much affected by our environment outside what is 
normally defined as work, particularly since average working hours are 
much shorter than say 100 years ago. However, modern manufacturing 
methods have introduced many new risks whose effects may not be 
apparent for some time, perhaps long after the exposed person has left 
that employment. The variety of these new risks is noteworthy. Of the
100.000 traded substances known by name to the European Community,
31.000 have undefined or variable composition, 10,000 have some 
documented toxic property and 5,000 are traded in the United Kingdom.
Of these 5,000 substances, about 700 have been assigned occupational 
exposure limits.
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1.2 Exposure Limits
Until 1984 the Health and Safety Executive took air exposure limits 
from a list compiled by the American Conference of Government and 
Industrial Hygienists (ACGIH). The ACGIH values have been and are 
known as Threshold Limit Values (TLVs). They represent the levels at 
which it is believed that workers may be exposed 40 hours per week for 
40 years without adverse effects. The American legal framework that 
surrounded the ACGIH limits was entirely different to that pertaining 
in the UK, which used the concept of 'as far as reasonably 
practicable', together with improvement notices to enforce the spirit 
of the 1974 Health and Safety at Work Act.
The criteria used to set the TLVs were likely to be an inpediment to 
progress in UK law enforcement, and in 1984 the Health and Safety 
Executive published a guidance note which distinguished between control 
limits and occupational exposure limits (OELs). The OELs, which formed 
the bulk of the list, were taken largely unchanged from the ACGIH list. 
About 20 substances, including lead, asbestos, vinyl chloride and 
styrene, were given control limits. Enforcement of a control limit has 
been more stringent and the level has been not normally to be exceeded. 
For the substances with control limits a relationship between dose and 
biological effect has been established.
In 1989 new regulations were introduced (The Control of Substances 
Hazardous to Health: COSHH). The occupational exposure limits have 
been renamed and redefined as occupational exposure standards (OES).
The control of exposure is deemed adequate if the OES is not exceeded 
or, if exceeded, the employer takes steps to reduce exposure to the OES 
as soon as reasonably practicable. Control limits have been renamed
2
and redefined as maximum exposure limits (MEL). The MEL must not be 
exceeded, but there is an obligation to reduce exposure for a substance 
with a MEL to a level as low as reasonably practicable.
The process of setting exposure limits is open to criticism, since only 
10% of the assigned exposure standards have corresponding animal or 
human toxicity data on which to base decisions. For the remainder, 
regulatory authorities use the pragmatic approach and try to infer risk 
by analogy with established data. There has been a tendency to relate 
air concentrations pro rata with any known biological markers 
associated with a particular type of exposure. Such a simplistic 
approach is resisted by occupational health professionals because 
routes of entry other than by inhalation (skin absorption and mouth 
ingestion for example) would be discounted in the correlation.
Moreover, the observed marker may reflect the dose for a day, week or 
sometimes months preceeding the measurement.
The problem with any standard setting has been that there are 
substances for which there is no known safe dose, where dose refers to 
the integrated concentration multiplied by time. Provided that the 
exposure time is long enough, and the population large enough, there 
will always be an observable change in a few individuals. For some 
substances the change is reversible. For others, carcinogens for 
example, the change is dramatic and perhaps fatal. In the future it 
will be technically possible to measure much lower air concentrations 
and detect smaller effects on individuals. A society which demands no 
deviation from the 'normal' will have difficulty in reconciling this 
demand with the scientific or probability-based decision making 
process. The purpose of biological monitoring then, as distinct from 
air sampling, is to indicate the risk of exposure on an individual
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basis; it must be seen as complementary to air sampling with respect to 
decisions about work processes. However, unless the relationship 
between dose and effect is well understood in terms of some biological 
marker, and this is seldom the case, air sampling is usually the only 
practicable way to evaluate occupational exposure.
1.3 The Use of Solid Sorbents for Sampling Gases and Vapours
The earliest reference to solid sorbents in connection with gas 
chromatography and the measurement of contaminants in air is the work 
of West et.al. (1957). They evaluated thermal desorption from 
activated charcoal, alumina and silica gel and argued, from preliminary 
experiments with benzene, that trapping on charcoal was preferred. 
However, the low desorption efficiencies reported for alumina, and to 
lesser degree silica gel and charcoal, indicated irreversible 
chemisorption. For example, the desorption efficiency of SjjI benzene 
from 200 mg charcoal was about 85%. This has been considered 
sufficient for the purpose, because the alternative means of gas 
analysis, direct injection of a few millilitres of air, would not 
permit the detection of parts per million levels of organic 
contaminants. Contemporary thermal conductivity detectors lacked the 
required sensitivity.
1.3.1 Porous Polymers
Lloyd and Alfrey (1962) described the synthesis of a new group of 
polymers from aromatic monomers, such as styrene and ethylvinyl 
benzene, together with divinylbenzene as cross-linking agent. Hollis 
(1966) announced the use of porous polyaromatic beads in gas solid
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chromatography (GSC). An important feature of the beads, from the 
point of view of GSC, was that the pore structure, created on 
precipitation from the solvent, has been retained by cross-linking 
through the subsequent drying stage. Also the polymers were thermally 
stable up to 250°C. Hollis found that GSC on porous polymers gave good 
peak shapes for polar compounds like water, alcohols, amines and
monobasic acids. Porous polymer beads were manufactured under the
TM TM
names of Chromosorb and Porapak . Their properties were
investigated by Dave (1969) and some enthalpies of adsorption on
Porapaks were determined by Zado and Fabecic (1970). Van Wijk (1970)
TMreported on the properties of a new polymer, Tenax (Buchem B.V., 
Netherlands), based on 2,6-diphenyl-p-phenylene oxide. As with 
co-polymers of the styrene-ethylvinylbenzene type, good chromatographic 
peaks were obtained with non-polar compounds. The specific retention 
of water was very small. The upper temperature limit was unusually 
high at 375°C. Tenax was used by Zlatkis (1973) to monitor 
environmental hydrocarbons by thermal desorption of sampling tubes into 
a gas chromatograph.
1.3.2 Analytical Desorption Methods
In trace-level environmental analysis of volatile hydrocarbons, thermal 
desorption has long been accepted as a method of sample recovery with, 
potentially, high sensitivity. For occupational hygiene monitoring, 
however, there has been some resistance to this technique. The reasons 
are twofold. First, in 1973 the USA National Institute of Occupational 
Safety and Health (NIOSH) recommended solvent desorption of activated 
charcoal based on the validation work of White, Kuppel, Taylor and 
others with a range of organic vapours (White et.al., 1970). Carbon
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disulphide was the preferred solvent. The purpose of the sorbent was 
not so much to pre-concentrate the contaminants, but to provide a 
time-weighted average measure of personal exposure up to several hours. 
Second, there was no commercially available automatic thermal desorber 
until the introduction of the Perkin-Elmer ATD-50 in 1981 (automatic 
here refers to the handling of multiple samples in sequence, not merely 
the automatic processing of a single sample). The coupling of 
home-made thermal desorbers to analytical columns, particularly 
capillary columns, was sometimes ill-conceived, with incompatible gas 
flows through sample tube, injector and column.
Air sampling methods were not usually prescribed in UK occupational 
health legislation, with the possible exception of methods for lead and 
asbestos; therefore analysts were free to choose the most appropriate 
method. However, NIOSH method validations for organic vapours (which 
comprised validations for single substances at 0.5 - 2 TLV in air) were 
based almost entirely on solvent desorption from charcoal. The problem 
of poor desorption efficiency for some polar compounds on charcoal was 
addressed by setting a minimum criterion of 75% efficiency for method 
acceptance. Polar modifiers, such as butanol (5% in CS2 ) were 
recommended in some cases. Even so, it has been commonly found that no 
single desorbing solvent would quantitatively recover all the 
components of a mixture of, for example, glycol ethers and aromatics. 
The recoveries could be determined by experiment, however, the 
measurement of what is, in effect, the adsorption isotherm in solution, 
is not a trivial matter, and there are many confounding factors, such 
as the effect of adsorbed water.
Johansen and Wendelboe (1981) proposed dimethylformamide as an 
alternative to CS2  for polar solutes. Rudling (1986) considered the
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state of the surface of activated carbon to be 90% hydrophobic 
'graphite-like' and the remainder hydrophilic oxides. He attempted to 
construct a simple liquid desorption solubility parameter model which 
took account of the heterogeneous surfaces and predicted that solvents 
with high surface free energies, like CS2  and nitrobenzene, would be 
efficient desorbers. He identified the strength of the acid-base 
interactions due to hydrophilic oxide sites as being important for the 
desorption of polar compounds, and went on to measure desorption 
efficiencies of CS2  with the addition of polar modifiers ranked 
according to their electron donor-acceptor interactions. Those 
solvents that would be expected to have the greatest interaction with 
an oxide surface, alcohols for example, do improve the desorption of 
polar compounds, when added to CS2  in amounts up to 5% (Rudling, 1987).
In further work on the effect of adsorbed water on desorption 
efficiency it was found that Merck and SKC commercially available 
charcoals had predominantly acidic and basic surface groups 
respectively (Rudling and Bjorkholm, 1986). The implication, borne out 
by experiment, was that recovery of polar compounds from the two 
charcoals would be different in the presence of water. Again, the 
addition of a polar modifier improved recovery but, as Rudling pointed 
out, there are practical constraints in the choice of solvent addition 
to CS2 ; for example, high boiling-point alcohols like benzyl alcohol or 
diethylene glycol monomethylether may have inconveniently long 
retention times. From the occupational hygiene monitoring view it is 
the CS2  itself that is inconvenient. It is toxic and highly flammable 
and its use in unattended autosamplers is questionable on safety 
grounds. It may interfere with the chromatographic analysis of Cg- Cg 
hydrocarbons. Liquid transfers of CS2  by pipette or syringe usually
7
result in evaporative loss; to minimise this requires extra-ordinary 
precautions which are not practicable in a routine analytical 
procedure. Thermal desorption, on the other hand, is compatible with a 
high degree of automation, including sample handling. Good precision 
can be achieved routinely. One disadvantage, however, is that the use 
of activated carbons as thermally desorbable sampling materials can be 
problematic. Catalytic activity of surface oxides and the high 
temperatures required for desorption of compounds with boiling points 
exceeding 80°C, make thermal degradation likely for some chlorinated 
alkanes, alcohols, ketones and esters. There has been little published 
on the quantitative recovery of such compounds from activated carbons.
Generally speaking, most commercial sorbents have met the thermal 
desorption criteria requiring, for example, that the material should 
have good mechanical strength, consistent composition, adsorption sites 
that are not predominantly acidic or basic, negligible affinity for 
oxidising gases and a wide pore size distribution. However, no single 
sorbent would meet all the acceptance criteria for the analysis of 
volatile hydrocarbons, say, in the range C2  - C^q. What is needed, for 
example, is a range of sorbents with different retention volume 
characteristics. We can define here a chromatographic term V„ as theX\
volume of carrier gas required to elute the average solute molecule, at 
infinite dilution, along the length of a column of mass W, and Vj^/W as 
the specific retention volume V , also at infinite dilution.
1.3.3 Polyimides
In workplace or environmental air monitoring for mixtures of volatile 
organic compounds, where activated carbons are not suitable for
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quantitative thermal desorption, various polyaromatic sorbents such as
TM TMthe Chromosorb Century series (Johns-Manville), the Porapaks
TM(Waters Associates) or Tenax must be considered. One practical
problem is that between the large values of activated charcoal and
the relatively low V of porous polymers there is a gap which ideally
should be occupied by some medium strength sorbent, more suited to the
collection of light hydrocarbons and mixed solvents. With this in
mind, Pellizzari and co-workers (1982) identified polyimides as
promising sorbents for environmental monitoring. The retention of
volatile organic compounds was generally found to be intermediate
between the activated charcoals and Tenax, with thermal stability
comparable to Tenax. Polyimides as structural materials were
introduced in 1955 and although their manufacturing costs were high,
they were used in many critical applications requiring a high strength
TMto weight ratio and resistance to extreme temperature. Vespel and 
TMKevlar (Du Pont) are examples of a range of commercial polyimides.
Sroog has reviewed the two-step synthesis of polyimides (Sroog, 1976).
A precursor, the poly(amic-acid) is prepared by the reaction between 
stoichiometric amounts of an aromatic dianhydride and a diamine in an 
aprotic sovent such as dimethylformamide or dimethylsulphoxide. 
Dine-Hart and Wright (1967) proposed tetrahydrofuran as a solvent. 
Precipitation of the intermediate poly (ami c-acid) occurred at or 
shortly after formation, thus there was little inclusion of solvent 
within the bulk of the intermediate to hinder the subsequent drying and 
cyclo-dehydration step (Dine-Hart and Wright, 1967).
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Temperatures below 75°C were preferred in the first step. A low 
molecular weight product was formed above 75°C due to partial 
conversion to the polyimide releasing water which hydrolysed the 
poly(amic-acid) intermediate. It follows that high molecular weights 
were dependent on the use of pure dry monomers. The order of addition 
of reagents was also important. If the dianhydride and diamine were 
mixed as solutions, low molecular weights were obtained. This could be 
explained by hydrolysis of the dianhydride to carboxylic acid 
dominating the aminolysis step which forms the poly(amic acid) 
intermediate. Addition of solid dianhydride to the amine solution 
ensured that, with the diamine in large excess, very little hydrolysis 
occurred (Dine-Hart and Wright, 1967). In a later study these workers 
reported the synthesis of 46 polyimides by mixing stoichiometric 
amounts of dry dianhydride and diamine, addition of dimethyl formamide
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and cooling the reaction vessel to less than 30°C (Dine-Hart and
Wright, 1972). They found evidence that where the diamine had the
structure
NH2
the order of resistance to weight loss at 400°C was 
-s- > -so2- > -ch2- > -CO- > -SO- > -O-
although weight loss was not a complete test of stability because their
-CH2~ polyimide darkened and embrittled at 400°C. In general they
observed that if -X- was electron donating then a high molecular weight 
was obtained, but the product was less thermally stable. If -X- was 
electron accepting the product was more thermally stable, but had lower 
molecular weight.
With the object of finding thermally stable sorbents for organic 
vapours, Pellizzari et.al. (1982) synthesised 42 polyimides from 
aromatic diamines and pyromellitic dianhydride (PMDA). They screened 
the products using chromatographic techniques to assess retention of 
organic vapours, storage properties and formation of GC artefacts.
They deemed five sorbents suitable for further evaluation, namely, the 
products of PMDA and 3,3' ,5,5'-tetramethylbenzidine (I), 2,6-dichloro- 
1,4-diaminobenzene (II), bi s(4-aminophenyl)sulphone (III), 
bis (4-aminophenyl) me thane (IV) and 4-azo-aniline (V). It might have 
been predicted from the earlier work of Dine-Hart and Wright (1972) 
that polyimides prepared from amines III and IV would be good 
candidates. Polyimides prepared from I, II and V appear to be novel; 
no previous literature reference to their properties can be found.
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1.3.4 Characterisation of Sorbents
With particular reference to pumped air sampling on sorbent cartridges, 
specific retention volume (V ) for a solute is an important 
characteristic of the sorbent. If sampling continued for long enough, 
solute would elute from the cartridge as the whole mass of sorbent came 
to equilibrium with the vapour phase. In principle, the concentration 
of solute in the air would be known from the distribution coefficient 
(K), but this 'equilibration' trapping is not usually practicable for 
quantitative air analysis, because K or the the adsorption isotherm 
would have to be measured in circumstances that would be difficult to 
predict in advance. K, for a particular solute, is affected to some 
extent by humidity and the concentration of other solutes.
The alternative is to conserve the solute on the sorbent by sampling an 
air volume equivalent to less than v . This requires both a knowledge 
of Vg and the chromatographic efficiency of sampling, or in other words 
the breakthrough volume. In the following it is assumed that 
continues to refer to the simple state of infinite dilution and one 
solute, because displacement effects of interfering solutes in 
'conservation' trapping cannot be predicted by simple mathematical 
models. These effects will be present in some circumstances, but since 
a few nanograms of solute may be detected in 200mg of sorbent by the 
analytical procedure of thermal desorption into a gas chromatograph, it 
is quite realistic to assume for the moment that they are minimal.
Retention volumes of solutes can be measured by frontal analysis at 
ambient temperature, in which a steady concentration of solute is 
passed to the inlet of a sorbent column. Eventually the concentration 
in the outlet flow rises from zero to a plateau equal to the inlet
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concentration. If the column is very efficient, then the retention 
volume VR is obtained from the point at which the outlet concentration 
reaches 50% of the inlet concentration.
There have been various definitions of breakthrough volume. One 
example would be the point at which the outlet concentration of solute 
is equal to 5% of the inlet. This is a simple practical definition, 
where a value can be derived from a single point on a recorder chart.
An alternative would be to define a point at which 1% of the solute 
entering the column was lost at the outlet. This is more directly 
relevant to sample analysis, but on the other hand it requires 
integration of the breakthrough curve.
Frontal analysis would be the best method for studying finite 
concentrations and displacement effects by competing solutes, however, 
there are experimental difficulties at infinite dilution where one is 
comparing values of accurately for various solutes. The 
breakthrough profile usually elutes over a long time at ambient 
temperature and the signal levels are correspondingly small.
Integration of the detector signal is subject to errors due to noise 
and drift. Although frontal analysis is the 'direct' method, 
therefore, precision is hard to achieve under these circumstances. The 
time required for making and maintaining low vapour concentrations in a 
stream of carrier gas is also a factor where large numbers of solutes 
are to be compared. Accordingly, an alternative tecnique is preferred 
here, in which the retention volumes of chromatographic peaks measured 
at higher temperatures are extrapolated to ambient temperature in van't 
Hoff type plots.
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The distribution coefficient K may be expressed as a function of 
temperature
d In K AH
dT RT2
(1 .1 )
The integrated form is
AH
In K = - ----  + constant (1.2)
RT
where AH relates to the enthalpy change for the process. This suggests
that a plot of the distribution coefficient K against 1/T gives a
straight line of slope -(AH /R). The actual chromatographic
measurement is that of V„, or V if the retention volume is correctedR g
for the mass of sorbent. K would be equal to Vg if both were measured 
at the same temperature, but since it is normal practice to measure 
chromatographic flow-rates at ambient temperature, equivalence between 
K and Vg is not maintained during a series of measurements at different 
oven temperatures. This is of no significance if only the extrapolated 
value of Vg is required, but for the plot to be equivalent to that of 
equation 1.2 with an identical enthalpy change, the retention volume 
parameter should be temperature corrected to Vg/T and ln(Vg/T) plotted 
against 1/T. It has been pointed out by Conder and Young (1979) that 
this correction is usually small and of the same order as the 
measurement error (+ 2 kJ mol ).
The enthalpy change -AH has been commonly identified with the enthalpy 
of adsorption -Aa^sH°. Where ambient pressure differs only slightly 
from the standard state of 1 atmosphere, enthalpy changes as a function 
of pressure are not significant, however, ambient pressure changes were 
not explicitly accounted for in this work, therefore the superscript
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denoting the standard state of 1 atmosphere is omitted from this point. 
Similarly enthalpy changes given by this method are mean values over a 
temperature range and consequently no standard temperature can be 
defined for -AacjgH.
The enthalpy of adsorption gives an indication of the degree of 
interaction between sorbate and sorbent, although there is some doubt 
about the significance of enthalpy values from a van't Hoff plot 
measured and their relationship to enthalpies of adsorption and 
comparison with a calorimetric method would be illuminating. _^ac^ sH 
values obtained by the former method, however, could be used to compare 
the members of a homologous series on one sorbent or one sorbate on 
several sorbents.
A criticism that could be directed at the extrapolation method is that
equilibrium values of retention volume give no information about the
kinetics of partition between gas and sorbed phase. Kinetic processes
determine the peak profile in the sampling cartridge and hence the
breakthrough volume at ambient temperature and incidentally the
100% desorption volume at some elevated temperature. Butler and Burke
(1976) calculated the relationship between retention volume,
breakthrough volume and height of a theoretical plate (H ) using simple
chromatographic theory, assuming that H was not much affected by
P
temperature, but for some sorbate-sorbent combinations this assumption 
may not be justified. For this reason it is necessary to be aware of 
changes of profile with temperature by quantifying certain elution 
points other than the peak centre, or retention time, and extrapolating 
these also to ambient temperature. In principle then, each point on a
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hypothetical chromatographic peak at ambient temperature could be 
obtained by extrapolation, consequently the breakthrough curve is also 
obtainable by integration of the chromatographic peak, assuming 
infinite dilution. In practice, extrapolation of a single 
characteristic point, V^, defined as the corrected retention volume at 
which 1% of the total mass has been eluted, is sufficient for the 
purpose of identifying breakthrough volume at ambient temperature. 
Previously, workers have not measured characteristic points, other than 
retention volume, with any degree of precision.
A more serious criticism of the extrapolation method of measuring is
that it takes no proper account of a non-linear isotherm. If it 
appears that the capacity of the sorbent is exceeded during sampling, 
then a study of sorbent overloading is possible by means of a dynamic 
gas chromatographic determination, such as the 'Elution by 
Characteristic Point' method (ECP) reviewed by Huber and Gerritse 
(1971).
1.3.5 Sampling Efficiency
In a study of the efficiency of short sampling cartridges it is
informative to compare the peak profiles obtained with those predicted
from the plate theory in gas solid chromatography when the height of a
theoretical plate (H ) is a significant proportion of the sampling
P
cartridge bed length. Anomalies with some solutes on Tenax, for 
example, have certainly been noted by various workers (Butler and 
Burke, 1976; Tanaka, 1978, Maier and Fieber, 1988), but none has tested 
a possible interpretation of their results, which is slow mass transfer 
between gas and sorbed phase. Pulse residence in short columns has
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been described theoretically by Glueckauf (1955), Grubner (1971), 
Jonsson (1981, 1984), Delley (1984) and Underhill (1985). When H is 
large, highly skewed peaks are generated by these models.
In the plate model the column is considered to be divided into a number 
of discrete elements or plates. The height of a theoretical plate is 
defined as the length of column in which equilibrium is reached between 
gas and adsorbed phases. This concept was developed by Martin and 
Synge (1941), although the following is due to Glueckauf (1955) who 
proposed the mass balance
1 3c 3q H 32c
_  .________ _ P___
A 31 3v 2 312
= 0 (1.3)
where q is the total concentration of solute per unit column volume, 
c is the concentration of solute in the mobile phase, A is the 
cross-sectional area of the column, 1 is the distance from the inlet 
and Hp is the height equivalent to a theoretical plate.
Glueckauf solved for c in the general case, where it was assumed that 
the column was of finite length. To simplify the solution, it was 
assumed that N was larger than 3 and that the injection band width was 
less than 1/4 of the peak width when leaving the column.
m
N V •
exp
, 2nvVR ,
N (v-VR )2n 
2 V V R
(1.4)
where c is the concentration of solute in the gas phase at an elution
volume v, VR is the peak retention volume, N is the number of
theoretical plates (column length /H ) and m is the total mass of
P
solute.
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This solution is represented by a peak profile that is skewed to a 
greater or lesser extent in the direction of the origin (Figure 1.1), 
so that V„ does not correspond to the greatest peak amplitude, but to aX\
slightly greater value, the centre of gravity or centroid. 
Geometrically, this peak skewing in short columns can be explained by 
the fact that leading and trailing edges of a broad peak are in contact 
with the stationary phase for different times, giving more time for 
dispersive processes to occur on the trailing edge.
Since, from the plate model, the standard deviation a is given by 
Vp/ /N, when N is very large and v is close to the value of VR over the 
whole peak profile, equation 1.8 reduces to the classical normal curve 
of error.
Grubner (1971), among others, has identified the peak centroid as the 
thermodynamic retention volume; although recently a contrary view has 
been expressed by Jonsson (1981) who claimed that, in linear non-ideal 
chromatography at equilibrium, the median is the correct measure of 
retention volume. The median here was defined as the point at which 
half the molecules have eluted. The difference between the centroid 
and the median was small but measurable where N < 50. Jonsson made a 
distinction between the concentration profile in space on the column at 
a given instant, c(z), and and the peak profile eluting from the column 
as a function of time, c(t), and he argued that the symmetry of the 
c(z) profile implies that the median must be the correct measure of 
thermodynamic retention volume or mean residence time. Karol (1988) 
has pointed out that this would only be true if an infinitely thin
m a /2n
c 1
exp (1.5)
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sample plug could be injected hypothetically inside the packed bed, 
allowing symmetrical diffusion upstream and downstream at the start of 
the chromatographic process. In this work, injection of the sample is 
conventional and no initial upstream diffusion is possible, therefore 
the centroid is preferred to the median as the measure of thermodynamic 
retention volume.
Lovkvist and Jonsson (1987) considered the typical commercially 
available sorbent tube for occupational hygiene sampling (15 x 4mm, 
20-40 mesh particles) and calculated the number of theoretical plates 
from the semi-empirical Knox equation
where h^, the reduced plate height, and v , the reduced velocity are 
defined as
where u is the mobile phase velocity, dp is the diameter of the 
particles and D is the diffusion coefficient of the solute in the gas 
phase. A, B and C are constants. For packed columns, typically A = 3, 
B = 1.5 and C = 0.05.
such a sorbent tube has a column efficiency of about 3 theoretical 
plates. According to the study of Lovkvist and Jonsson, distribution 
functions mathematically similar to the Glueckauf solution show a small 
solute hold-up even when N < 1.
h = A v1/ 3 + B/v + Cv r r ' r r (1.6)
(1.7)
vr = udp/D (1.8)
_1
At a sampling flow of 200 ml min it can be readily calculated that
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Underhill (1985) considered the particular case of short 
chromatographic columns and from a mass balance describing the effects 
of diffusion and convection, derived a solution for the flux from the 
column as a function of time. It differed slightly from that of 
Glueckauf. When transposed into the form of the Glueckauf equation the 
solution was
c
m
r nv„ N 0.5
exp
N (v-VR )
2 v V,R
(1.9)
Figure 1.2 shows profiles of the function at several values of N from N 
= 0.5 to 200.
1.3.6 Evaluation of peak profiles by statistical moments
Short sampling columns give skewed peaks if used for measuring 
chromatographic retention volume, therefore V_ of equations 1.4 and 1.9I\
does not correspond to the maximum amplitude, but to some greater 
value. Yet short columns have three advantages: first, the gas
compressibilty correction is small; second, the elution temperatures 
are lower for a given elution time; third, the breakthrough profile of 
the sampling cartridge itself, rather than some other column, may be 
estimated by extrapolation. The measurement of V_, equivalent to theI\
thermodynamic retention volume, is achieved by evaluation of the whole 
peak profile.
In section 1.3.5 it was shown that an analytical solution in the form 
of a Gaussian-type curve could describe the chromatographic process.
An alternative treatment was proposed by Grubner (1971) who regarded 
the peak as a probability density curve that did not need a physical
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model necessarily for its mathematical description. A probability 
density curve is characterised by a series of statistical moments. The 
peak centroid (m^, equivalent to VR ) and standard deviation a are 
available directly from the first and second statistical moments where 
the nth moment is defined as
00r tnc dt
"  (1.10)m = n COr c dt
o
and where time t is interchangeable with elution volume v (equations 
1.4, 1.5, 1.9) and c is the concentration or amplitude. The zeroth 
moment is the normalised peak area equal to unity. The first moment is
00
J tc dt
*1 =    ( 1 * U )r c dt
o
The peak centroid m^ is obtained therefore, by weighting the elution 
time of each area element or 'slice' by its amplitude. Second and 
higher moments are taken around m^. The second moment, then, is 
defined as
00J (t - m^) c dt
o 
1
c dt 
o
2
where a is the variance of the profile.
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It can be shown from the profile equation 1.5 that
c = rr^  / /N (1.13)
so that from m^, and the column length, the height of a theoretical 
plate (H ) is obtained directly. Grubner (1971) calculated some
hr
geometric approximations from peaks drawn on chart paper, since 
computerised data processing was available to very few, but in this 
work there is no such restriction. In fact, for highly skewed peaks 
such geometric constructions would be subject to large errors. The 
calculation of N for short columns is particularly important if general 
conclusions are to be drawn about solutes and sorbents, because the 
usual peak width at half-height formula cannot apply.
A computer program which integrates chromatographic peaks gives other 
peak parameters useful in modelling sampling on short columns, such as 
the retention volume at which any proportion of the peak has eluted.
In practice, drift and signal noise limit this to the range V^ g. to
1.3.7 Diffusive Sampling
Reference has been made previously to pumped or dynamic Sampling on 
solid sorbents without qualification or suggestion of alternative 
methods. Until comparatively recently in occupational hygiene 
practice, the majority of air sampling was carried out by static 
monitors. However, occupational exposure standards under the COSHH 
regulations (Section 1.2) were established in terms of personal or 
breathing zone exposure and, therefore, the Health and Safety Executive 
has been keen to promote methods for personal monitoring where
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practicable (Health and Safety Executive, Methods for the Determination 
of Hazardous Substances series, MDHS). It is recognised that pumped 
sampling of breathing zone exposure has a number of disadvantages, both 
from the point of view of the device wearer and those who carry out the 
surveys. Despite advances in small re-chargable batteries, many find 
the personal sampling pump uncomfortable to wear. It can interfere 
with some processes such as driving or working in confined spaces and 
is not readily acceptable in offices, shops, education and health-care, 
where before the introduction of the COSHH regulations there was little 
requirement to monitor.
For some time there has been an alternative to pumped sampling in the 
form of the diffusive sampler, sometimes known as the passive sampler. 
The term 'passive' implies uncontrolled diffusion, which certainly was 
the case for reagent impregnated papers used qualitatively early in 
this century as a test for oxidising or acid gas leaks. Palmes and 
Gunnison were the first to critically examine the theoretical basis for 
controlled diffusive sampling. They looked at the effects of 
temperature, pressure, air velocity and orientation on the uptake of 
NC> 2 on stainless steel screens coated with triethanolamine. The 
adsorbent screens were positioned at the closed end of a tube (Palmes 
and Gunnison, 1973).
Later badge-type designs containing activated carbon were marketed 
(Bailey and Hollingdale-Smith, 1977). These were intended for volatile 
organic compounds and were analysed by solvent desorption of the carbon 
adsorbent followed by gas chromatography of a small aliquot of the 
desorbate. Some earlier badge designs were flawed and were subject to 
unpredictable air velocity effects. Fundamentally, this was due to the 
geometry of the diffusion path being ill-defined. For example, one
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commercially available badge-type design had no diffusion air gap as
such; its porous membrane was pressed directly against a carbon disc.
Badge-types, with their large surface area to diffusion path ratio
3 -1 •(A/z) have a relatively high sampling rate equal to 20-50 cm m m  m
pumped sampling terms. In still air a stagnant layer forms adjacent to
the air gap and effectively increases the air gap. To reduce the air
velocity effect, and for greater compatibility with automation, a
thermally desorbable tube-type sampler has been proposed (Brown,
Charlton and Saunders, 1981). Because of the high sensitivity compared
with solvent desorption there is no merit in a thermally desorbable
badge design, at least not for significant concentrations found in the
workplace, and the A/2 ratio can be considerably reduced. The
effective sampling rate of the tube type sampler proposed by Brown 
3 -1et.al. is 1-2 cm min and is valid for use as a fixed point monitor 
in the relatively still air, as well as for personal monitoring.
A problem arises with the reversibility of adsorption. An isotherm, 
such as Type I in the BET classification, for organic vapours on 
charcoal is favourable only for adsorption. High temperatures are 
required for desorption and some organic compounds with boiling points 
above 80°C are likely to decompose at the desorption temperature. On 
the other hand, a favourable isotherm for adsorption implies that the 
equilibrium vapour pressure above the surface of the sorbent is low and 
remains low throughout the sampling period. The sampling rate, then, 
is nearly constant. If the diffusion coefficient is known, for example 
from the work of Lugg (1968), then the sampling rate is readily 
calculated. If the diffusion coefficient is not known then it could be 
estimated by various empirical calculation methods (Fuller and 
Giddings, 1965; Pannwitz, 1984)
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Isotherms for organic vapours on porous polymers, still usually lype I, 
are less favourable for adsorption than those on activated carbon. As 
sampling proceeds the concentration of vapour in equilibrium with the 
surface of the sorbent rises significantly and the effective sampling 
rate falls. The chromatographic breakthrough volume of the solute is a 
measure of the slope of the isotherm in the linear region, hence 
breakthrough volumes can be used to estimate the magnitude of this 
effect. Ideally one would choose a sufficiently strong sorbent in all 
cases. Practical considerations mitigate against this. For example, 
after sampling has been carried out, analysis may show unexpected 
components for which adsorption conditions are not ideal; or to take 
another case, solvent mixtures with a wide range of component boiling 
points are common in the workplace. No one sorbent can be found that 
is ideal for all the components. In a few cases, such as nitrous 
oxide, there may be no sorbent with a favourable isotherm for constant 
diffusive uptake. In these circumstances, one could take the view that 
correction of the quantity sorbed for concentration and time effects is 
justified. The view taken by the diffusive sampler evaluation protocol 
was more formal (Health and Safety Executive, 1988). Various 2-factor 
experiments were proposed and the statistical significance of replicate 
data cells is assessed by an analysis of variance. The protocol was 
not a pass or fail test, however. It aimed to identify the factors 
which caused variation in uptake rate so that diffusive samplers of 
different designs could be judged by the same standards. To this end, 
sampler evaluation protocols of the International Standards 
Organisation (ISO), the co-ordinating body for European standards 
(CEN), the Health and Safety Executive (MDHS 27) and the American 
National Institute of Occupational Safety and Health (NIOSH) are being 
harmonised.
25
Given a reproducible fall in uptake rate, it should be possible to 
derive a mathematical model of the diffusive sampler. Coutant et.al. 
(1985) and Posner and Moore (1985) have proposed models which use the 
equilibrium retention volume parameter to modify an exponential 
uptake-rate term. Although there is some experimental evidence to 
support these models, they do assume a linear isotherm and an 
infinitely thin sorption bed, in other words a badge-type design. A 
sorbent with a large linear region in the adsorption isotherm, such as 
activated carbon, is necessary. For the tube-type sampler with porous 
polymer sorbent, a model should take account of non-linear isotherms 
and diffusion down the sorbent bed. This was the intention in a study 
by Patel et.al. (1987), however there is a tendency in the analytical 
approach to use diffusion parameters which are not easily measured in 
isolation. It is more profitable to model the tube-type sampler by 
numerically simulating diffusion in space and time (Van den Hoed, 
1989). The diffusion flux down the bed was defined by experimental 
isotherm parameters for each increment of time and distance down the 
tube. Thus the measurement of adsorption isotherms in the non-linear 
region is important in the accuracy of any realistic model of the 
tube-type sampler.
1.3.8 Application of Physico-chemical Data
For sorbents used in either diffusive or pumped air sampling,
adsorption isotherm data is lacking in all but a few model
solute-sorbent systems. For example, in work on the sorption of
benzene and n-alkanes by Tenax, a modified Langmuir isotherm equation
in term of V was proposed by Vejrosta et.al. (1989) 
y
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log V = a + b/T + c.log(l + ec ) + d/ T.log(l + ec ) (1.14)
y S S
r
where a, b, c, d and e were adjustable parameters. At infinite 
dilution equation 1.14 reduces to a form of the van't Hoff plot.
log V = a + b/T (1.15)
9
Vejrosta et.al. found a self-consistent set of parameters a-e within a 
homologous series, but for organic vapours and gases with a variety of
functional groups, simple empirical relationships, such as equation
1.14, cannot be found and there is a need for more data.
For Tenax there is a substantial body of infinite dilution retention 
data (V ) in the literature on a range of mixed solvents (Brown andg
Purnell, 1979; Krost et.al., 1982) and alkanes and iso-alkanes
(Maier and Fieber, 1988). Published data for Chromosorb 106 is sparse 
and refers mostly to the C2  hydrocarbons (Castello and DfAmato, 1981, 
1982a, 1982b). Castello and D'Amato studied the effect of high 
temperature ageing on Chromosorb and Porapak adsorption coefficients. 
They found that Chromosorbs 105, 106 and Porapaks N, R were thermally 
stable in this respect at 200°C, but that Chromosorbs 103, 107, 108 and 
Porapak T were not. For volatile solutes unsuitable on either Tenax or 
Chromosorb 106, Spherocarb or activated charcoal might be acceptable 
sustitutes. Spherocarb is documented as a carbon molecular sieve, 
although it is derived from a petroleum residue of Japanese origin and 
its manufacture may be subject to unknown variations (Betz, 1990). 
Activated charcoals manufactured from either petroleum or coconut shell 
charcoal are also subject to variations in source material and 
variations during the high-temperature activation process.
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1.3.9 Objectives
This work aims primarily at improving the understanding of sorption of 
organic vapours on porous polymers and to place this data, which has 
hitherto been somewhat fragmented, in a more logical and theoretical 
context. There is evidence to suggest that some unusual kinetic 
effects are operating for some solutes on Tenax which will change 
previously accepted sampling recommendations. Computer programs 
developed here to characterise peak shapes by the method of statistical 
moments will be valuable in further studies of mass transfer in 
sampling cartridges.
Any novel sorbents must be evaluated using the known performance 
standards of existing sorbents, both with respect to adsorption 
isotherm behaviour and the analytical considerations of thermal 
stability. With this in view, polyimides have been identified as 
sorbents which seem to have none of the disadvantages of the charcoals 
in thermal desorption and analytical gas chromatography. A polyimide 
should be synthesised and its properties compared with samples of 
polyimides obtained from Dr E D Pellizzari, using various thermal and 
calorimetric techniques.
The physicochemical requirements for valid pumped or diffusive sampling 
in terms of and adsorption isotherms are fundementally the same, but 
since uptake rates in all diffusive samplers are sensitive to these 
properties, it is important that they are characterised for a range of 
solutes and sorbents.
From the analytical point of view, the integrity of a sample taken in 
the field and the gas chromatographic method used to separate and
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detect the components are important considerations. The design of air 
sampling cartridges is to a large extent dictated by these factors, 
therefore attention is directed towards storage properties of volatile 
organic compounds on Tenax in stainless steel tubes, for periods of up 
to 1 year. Identification of the components of complex mixtures with a 
non-specific detector relies on gas liquid chromatography stationary 
phases with invariant selectivity towards the various functional groups 
of the solutes; a long-term study of the stability of stationary phases 
in capillary columns is required.
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EXPERIMENTAL
The polyimides characterised in this work are identified as follows
Identification Diamine Precursor
PI-136
Cl
■ O 4 -
2,6-dichloro-l,4-diaminobenzene
PI-149 —{-A— A-CH2— /)~h\ bis (4-aminophenyl) me thane
PI-159 -{-A—^  bis (4-aminophenyl )sulphone
PI-164 -f-A-— /y\\ w'*' 3,3',5,5'-tetramethylbenzidine
Me
A = *
N=N 4-azo-dianiline
o o
PI-2 synthesised in this work, diamine as for PI-159
PI-3 PI-159 re-sieved for calorimetry and chromatography
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Trademarks
Ambersorb
Chromosorb 106 (Polystyrene)
Filtrasorb 400 (Activated charcoal)
Porapak
Pressure-Lok
Spherocarb (Carbon molecular sieve) 
Swagelok
Tenax (Poly-para-2,6-diphenylene oxide) 
Vespel, Vi ton, Kevlar
Rohm and Haas Co. 
Manville Corp.
Calgon Corp.
Waters Associates Inc. 
Precision Sampling Corp. 
Analabs Inc.
Crawford Fitting Co. 
Buchem B.V.
E.I. du Pont de Nemours 
& Co. Inc.
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2.1 Characterisation of Polyimide sorbents
Approximately 2g quantities of five polyimides synthesised from 
aromatic diamines and pyromellitic dianhydride were obtained as a gift 
from Dr.E.Pellizzari (Research Triangle Institute, PO Box 12194, 
Research Triangle Park, NC 27709, USA).
2.1.1 GC Artefacts from Thermal Desorption
Stainless steel thermal desorption tubes (89 x 5mm i.d., 1/4" o.d., 
Perkin-Elmer Ltd., Beaconsfield) were packed with weighed amounts of 
the 5 polyimides listed above. The free-fall or apparent density of 
each was determined beforehand, so that the maximum practical bed
3
length of 60 mm (1.2 cm ) would not be exceeded. Sorbents were retained 
at both ends with small plugs of glass wool and 100-mesh gauze discs 
(Perkin-Elmer Ltd.). For each sorbent, 5 tubes were packed as follows: 
PI-136, 200 + lOmg, apparent density 0.43; PI-149, 160 + 20 mg, 
apparent density 0.18; PI-159, 145 + 15 mg, apparent density 0.12; 
PI-164, 150 + 10 mg, apparent density 0.43; PI-167, 300 + 20 mg, 
apparent density 0.44.
The polyimide samples donated by Dr.E.Pellizzari were amorphous fine 
powders, ( <100 /ym particle size fraction). These sorbents were much 
finer particulates than would normally be considered suitable as gas 
chromatographic packing material (200-500 ywm) and their mechanical 
weakness caused problems in subsequent experiments. It was noticeable 
that sampling tubes packed with PI-149 and PI-159, for example, had a 
high flow resistance. During thermal desorption, the finest size 
fractions passed through the glass wool retaining plugs and 
contaminated the pressure seals of thermal desorber instrumentation.
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Tubes were conditioned at 200°C for 4 hours in a stream of nitrogen 
3 —1(20-25 cm min ) then thermally desorbed using a Perkin-Elmer ATD-50 
interfaced to a Perkin-Elmer F17 gas chromatograph.
ATD-50 conditions: desorption temperature, 250°C; desorption time,
3 min; cold-trap low temperature, -30°C (Tenax GC, 20 mg, 80-100 mesh);
3 Xcold-trap high temperature, 300°C; tube desorption flow, 50 cm min- 
helium; transfer line temperature, 150°C.
F17 conditions: oven temperature, 70°C isothermal; injector/detector
temperature, 200°C; column, 25 x 0.32 mm SE54, 0.2 >um film thickness
3 -1(Hewlett-Packard Ltd.); carrier gas flow 1.5 cm min helium.
Artefact peaks eluting in the to hydrocarbon region were 
determined over 4 thermal desorption cycles. The area counts of three 
major unidentified peaks from the desorption of PI-149 for cycles 1-4 
were recorded. Total area counts from each of the 5 polyimides were 
compared semi-quantitatively with a batch of freshly packed Tenax GC 
tubes subjected to the same thermal cleaning regime and a batch of 
Tenax TA tubes that had no thermal pre-conditioning.
Subsequently, all the polyimide packed tubes were re-conditioned for 6 
hours at 280°C in a stream of nitrogen (20 cm^ min-^) and thermally 
desorbed for 20 x 3 min cycles using the ATD-50 conditions described 
above. Artefact levels were assessed semi-quantitatively. The sorbent 
in some tubes was examined for signs of degradation or mechanical 
failure.
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2.1.2 Retention Volumes of Organic Vapours on PI-3 and PI-149
A conventional glass GC column (60cm x 2mm) was packed with 370mg of 
the PI-3 material (PI-159 re-sieved) and installed in a Hewlett-Packard 
5880 gas chromatograph fitted with a flame ionisation detector (FID). 
The FID signal was monitored by a laboratory data system
3 -1(Hewlett-Packard 3357). The carrier gas was nitrogen at 20 cm min . 
Gas standards of n-heptane, n-octane and benzene were prepared by 
introduction of 10-15//1 of solvent into a 1 litre pyrex flask sealed 
with a septum. After a few minutes and with the application of gentle 
heat, evaporation and dispersal were complete. lOOywl samples, 
containing about 1/yg of organic vapour, were withdrawn (Pressure-lok 
gas syringe, Phase Separations Ltd) and injected into the gas 
chromatograph. Retention times at 130-160°C were corrected for 
dead-volume time by subtraction of the methane retention time. Log 
transformed corrected retention volumes were plotted against 1/T to 
calculate the extrapolated value at 20°C.
Retention volumes of benzene, dichloromethane and methanol on PI-149 
were determined by a more rigorous GC extrapolation method described 
in section 2.4.
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2.1.3 Adsorption Isotherms
Adsorption isotherms of benzene, 2-butanone and dichloromethane were
determined by a gas chromatographic procedure similar to the peak
profile method reviewed by Huber and Gerritse (1971). A plug of
polyimide PI-159 (45mg) was packed into a copper tube (180 x 4mm i.d.)
filling as much dead space as possible with glass wool plugs. The
column or cartridge was installed connected to an empty pre-column (200
x 4mm i.d.) in a Pye 204 gas chromatograph equipped with a thermal
conductivity detector (TCD). The purpose of the pre-column was to
equilibrate the carrier gas at oven temperature. The column head
pressure was measured with a water manometer. In these determinations
the pressure was 5 KPa and a gas compressibility correction was
applied, although the effect would have been relatively small. An oven
temperature of 60°C was chosen to elute the solutes in 10-20 minutes at
3 -1a flow-rate of 21 cm min helium. The TCD reference column was 
packed with glass beads. The detector temperature was 120°C. System 
dead-volume was kept to a minimum by the use of narrow bore connecting 
tubing from the column outlet to the detector. Each solute (0.5—2>t/l) 
was injected onto the column using a microlitre syringe with a needle 
long enough to deliver the sample close to the head of the sorbent 
plug. The detector signal was processed by an analog/digital converter 
and, using a BASIC program (Sinclair Spectrum microcomputer), the 
distribution isotherm calculated point by point from the average 
equilibrium concentration in the stationary phase (areas) and the 
concentration in the gas phase (amplitudes). In order to correct for 
non-ideality of a short column, the diffusion assumed to have distorted 
the self-sharpening leading edge of the peak was used to correct each 
isotherm measurement point on the trailing edge.
35
The effect of non-ideal chromatography on adsorption isotherm
measurement was assessed qualitatively after the suggestion that, if
varying amounts are injected, the diffuse desorption curves should be
superimposable (Conder and Young, 1979 p.389). A short column of the
synthesised bis(4-aminophenyl)sulphone polyimide (390mg) was packed in
a stainless steel tube (89 x 5mm i.d.) and installed in a
Hewlett-Packard 5880 gas chromatograph. The particle size was
approximately 100-150 mesh and the bed length was 60mm. At an exit
3 -1carrier gas flow of 48 cm min helium the back-pressure was 24 KPa at 
40°C. n-Octane (40-400 yt/g) was injected and the elution curves 
plotted. The experimental arrangement is the same as that described in 
section 2.4.1.
2.2 Synthesis of Bis(4-amino)sulphone Polyimide
2.2.1 Selection of Diamine Precursor
It was proposed that a 50g batch of polyimide be prepared initially, 
bearing in mind that the yield of material of suitable size fraction 
was anticipated to be less than 20% of the theoretical maximum. If 
this material was acceptable as a sorbent for air sampling then a 500g 
batch would be prepared. For each of the polyimides donated by 
Dr.Pellizzari, the synthesis conditions used by Pellizzari et.al. and 
comments on the suitability of starting materials are given below.
PI-136 The diamine was extracted with ether, re-crystallised from 
methanol-water and sublimed at 90°C. PI-136 is a low molecular weight
product (M.Wt. = 350) of a low temperature polymerisation (22°C for 
1 hour). Higher molecular weights were produced by refluxing in 
tetrahydrofuran for up to 30 hours. Although
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2,6-dichloro-l,4-diaminobenzene is available commercially at £150-£500 
per kg (K & K, Cambrian Chemicals and Pfaltz & Bauer) it was not pure 
enough to be used as received.
PI-149 Pellizzari et.al. did not give detailed reaction conditions 
for this material. The diamine is commercially available in 99%+ 
purity costing less than £20/kg (Aldrich Chemical Co. Ltd.).
PI-159 The diamine was used as received after vacuum drying. 
Polymerisation was complete after 2 hours in tetrahydrofuran at 58°C. 
The diamine is commercially available in 99%+ purity costing less than 
£50 per kg (Aldrich Chemical Co. Ltd.)
PI-164 The diamine was used as received. Polymerisation was started 
with ice-water cooling at 0°C to avoid overheating and proceeded to 
completion in 1.5 hours at 59°C. The diamine is commercially available 
in 5g lots (99%+ purity, Aldrich Chemical Co. Ltd.) at £5000 per kg.
PI-167 The diamine was used as received. Polymerisation was complete 
in 1 hour in tetrahydrofuran at 59°C. The diamine was commercially 
available in 25g lots (Kodak Ltd) at £2000 per kg.
In the selection of one polyimide for synthesis, the diamine starting 
materials of PI-164 and PI-167 were excluded on cost grounds; the 
reactivity of 2,6-dichloro-l,4-diaminobenzene (PI-136) was low. It is 
reported that polyimide from bis(4-aminophenyl )sulphone and 
pyromellitic dianhydride has a lower weight loss at 400° than the 
corresponding polyimide from bis (4-aminophenyl) me thane (Dine-Hart and 
Wright, 1972), hence the final choice of bis(4-aminophenyl)sulphone.
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2.2.2 Reagents
Bis(4-aminophenyl)sulphone, 99%) and tetrahydrofuran (HPLC grade, 
stored under nitrogen) were obtained from Aldrich Chemicals Ltd.. 
Pyromellitic dianhydride was obtained from BDH Ltd. Chloroform 
(AnalaR) was obtained from BDH Ltd. All reagents were used as 
received.
2.2.3 Safety Precautions
Bis(4-amino)sulphone is a suspect carcinogen. All handling of this 
material was carried out in an isolated carcinogen laboratory suite.
The water bath and other apparatus in possible contact with the diamine 
was placed in a large containment tray inside a ventilated fume 
cupboard. At the conclusion of the synthesis, the glassware was washed 
with methanol. Washings were stored and labelled appropriately for 
later disposal. Residual diamine contamination of apparatus was 
detected by the formation of a intense yellow colour with Erlich's 
reagent, prepared by the addition of p-dimethylaminobenzaldehyde 
(1.25g) to methanolic HCl (cone. HCl, 8. 5ml; methanol, 500ml).
The synthesis was unusually difficult and the presence of the suspect 
aromatic diamine meant that more than simple containment and 
decontamination of apparatus was involved. A protocol detailing each 
step of the preparation of the polyimide and disposal of waste was 
prepared in advance. A record of the protocol is to kept on file for 
30 years. No reference was made to safety issues in early reviews of 
polyimide synthesis, but it is surprising perhaps that the subject has 
not rated a mention in later published work. The problem is certainly 
acknowledged in the industrial scale manufacture of polyimides
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involving, for example, the handling of bis(4-aminophenyl)methane, 
where containment is by good engineering and 'good housekeeping' 
practice.
2.2.4 Procedure
The synthesis was carried out by essentially by the condensation 
procedures described in the patent literature and as modified by 
Dine-Hart and Wright (1967). Reaction conditions were those used by 
Pellizzari et.al. (1982).
Bis(4-aminophenyl)sulphone (24.8g) was transferred into a 3-necked 
flask fitted with stirrer, condenser and drying tube. The flask was 
immersed in a thermostatted water bath. A 2.5 1 container of 
tetrahydrofuran (THF) was attached to the flask via 1/8" o.d. PTFE 
tubing, connected to a dip tube inserted in a silicone rubber 
'Subaseal'. The dip tube could be raised and lowered in the THF 
container without breaking the gas seal. Residual water vapour and 
oxygen were purged from the flask with low-pressure nitrogen, the dip 
tube being raised above the THF liquid level. By lowering the dip 
tube, 500 ml of oxygen-free THF was tranferred slowly into the reaction 
flask under a small positive nitrogen pressure. After dissolution of 
the bis (4-aminophenyl) sulphone, a stoichiometric amount of pyromellitic 
anhydride (21.8g) was added whilst stirring continuously. The reactor 
flask was maintained at 58-60°C by means of the thermostatted 
water-bath. Precipitation of the intermediate polyamide acid began 10 
minutes after the addition of the pyromellitic anhydride and appeared 
to be c o m p l e t e  after 2 hours. Chloroform was added (about 100 ml) to 
complete the precipitation.
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The product was filtered under vacuum using a water pump and 
transferred to two Soxhlet thimbles (120 x 28mm). The thimbles were 
purged with nitrogen for 8 hours to remove excess solvent (yield 
45.8g). The intermediate product was extracted with ether for 16 hours 
and dried with nitrogen, yielding 35.6g. Cyclo-dehydration of the 
polyamide acid to the polyimide was carried out in a vacuum oven at 
200°C. After 4 hours the yield was 28.3g. After a further 24 hours at 
200°C the final yield was 28.Og of amorphous yellow product (65% 
theoretical).
A small sample of the product (0.33g) was pelletised in a KBr press 
(Beckmann RIIC, 13mm die). After 3 minutes at 7 tons cm the 
polyimide was bonded into an orange-brown disc with a bulk density of
_3
1.41 g cm . The remainder was pelletised in 4 batches of about 5g
3
each in a 30 ton press with a working volume of 15 cm (Specac,
_?
Orpington, Kent; 30 tons = 4 tons cm ). The bonded product was ground 
in a Glen Creston mill and sieved to yield the size fractions:
< 20 mesh, 1.5g; 20-60 mesh, 9.4g; 60-80 mesh, 2.55g; 80-100 mesh, 
1.0g;> 100 mesh, 3.2g.
2.2.5 Conditioning and Thermal Evaluation
A glass GC column (60cm x 2mm i.d.) was packed with the synthesised 
polyimide (60-80 mesh fraction, 1.5g) and conditioned at 300°C for 16 
hours. To measure the hydrocarbon background level, the absolute FID 
response was calibrated approximately by the injection of 0.1ml air 
containing l//g n-heptane. The vapour standard was prepared by the 
evaporation of n-heptane in a 1 litre septum-sealed flask. The FID 
signal level was recorded in a raw file by the HP3357 data system in
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terms of yV amplitude in successive 5 second area slices. Knowing the 
total area, the mass flux of hydrocarbon was calculated from the signal 
amplitude during a temperature program from 50-275°C at 8°C min
2.3 Heats of Adsorption from Calorimetry
2.3.1 Simultaneous Thermal Analysis (TG-DSC)
Adsorption equilibria and enthalpy effects were measured simultaneously 
on a modified TG-DSC thermal analyser (Stanton Redcroft STA-785). 
Samples of approximately 0.025 g were used with ballotini lead glass 
(10-40 ywm) as a reference material. The equipment (empty pans) and the 
heated capillary were flushed with carrier at 300°C and 100°C 
respectively for about half an hour prior to the run or series of runs. 
When cooled to room temperature, sample and reference materials were 
weighed individually and in all cases equal amounts were used. After 
the sample temperature stabilized at 0.5°C higher that the saturator 
bath temperature, ethanol vapour concentration was measured by 
diverting a known volume with a gas sampling valve and injecting into a 
gas chromatograph previously calibrated with 1 fjl aqueous ethanol 
injections (Perkin-Elmer 8500, thermal conductivity detector). Pure 
carrier and carrier plus ethanol vapour streams from the saturator bath 
were run in parallel along a heated capillary. Pure carrier flowed 
through the system while temperatures of the adsorption chamber, mixing 
chamber, heated capillary and outlet ethanol stream were checked 
frequently to ensure that equilibrium was attained. At this stage, 
vapour and gas streams were changed over and the data handling system 
activated. After the adsorption process was complete, the two streams 
were exchanged in order to start isothermal desorption. During
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desorption, the ethanol concentration was again measured by gas 
chromatography.
2.3.2 Simultaneous TG-DSC Unit
A cross-section of the adsorption furnace and DSC head is shown in 
Figure 2.1 and a schematic diagram of the instrument in Figure 2.2.1 
The sample and reference materials are contained in aluminium crucibles 
which are supported on the balance hangdown on a chromel plate, which 
forms part of the thermocouple system. This plate has two isolated 
sections which are the sensor pads for the sample and reference 
crucibles and tags on the side of each disc to ensure positive 
location. Alumel wires welded to the base of the sensor plates form 
the thermocouple junctions. A chromel lead from the main plate 
provides continuous sample temperature measurement. The differential 
temperature output was amplified by a calibrated low noise DC amplifier 
(Cropico ND4). Sliding the silver baffles split the furnace block 
(machined for silver) into three chambers. The lower chamber acts as a 
pre-mix for the vapour, the middle chamber ensures an even temperature 
distribution (<0.1°C at 25°C) and small swept volume, and the third 
minimises turbulence, enabling high sensitivity weighing to be carried 
out.
2.3.3 Gas Handling System
A comp rehens ive gas handling system is an essential feature of this 
apparatus in that a steady stream of pure carrier gas is required for 
the saturators and the resulting gas mixture must pass into the sample 
chamber at a specified temperature and flowrate. Variation in flowrate
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can seriously affect both the microbalance and the DSC head 
calibration. For this reason, simple needle valves used initially were 
replaced by flow-controllers operating from a precision pressure 
regulator. Gas purification comprised an oxygen trap, a water trap 
(molecular sieve 5A) and two Balston Grade CQ filters. Three 
saturators contained the liquid under investigation, one operating at 
about 35°C and the others at 24.5°C. Gas blending via three-way 
interflon taps and sintered disc mixing chambers enabled the 
composition of the outlet stream to be carefully controlled. 
Interconnections were made with 1.3 mm teflon tubing and all glassware 
was mounted in water baths, acurately controlled to within +0.05^C. A 
schematic diagram of the gas handling system is shown in Figure 2.2.2.
2.3.4 Data Handling
A Servogor 460 multichannel potentiometric chart recorder was used with 
the STA-785 analyser. This recorder features three range modules 
measuring from 0.5 mV to 200 V. Adequate sensitivity was obtained for 
the balance output to read lmg full scale. The recorder was connected 
in parallel to an Orion 3530 Data Logging System. The Orion has a 
capacity of 20 channels at a variable sampling rate from 10 Hz. All 
channels have a resolution of 1 /JV and a maximum range of 10 V. After 
the experimental data had been stored on a tape, the Orion was linked 
to a Prime mainframe computer and the data were transferred.
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A more detailed account of the thermogravimetric system used here has 
been given by Dasopoulos (1986).
2.4 Retention Volumes by Extrapolation
Short sorbent columns were installed in a gas chromatograph. Vapour 
samples of the selected solute were injected at temperatures 
appropriate for elution of a peak within 0.1-100 minutes. The flame 
ionisation detector signal was monitored and stored by a digital data 
system. Subsequently, peak parameters were determined by processing 
the data file with software and extrapolating to a standard ambient 
temperature of 20°C.
2.4.1 Instrumentation
A Hewlett-Packard 5880 chromatograph was used for all measurements.
The temperature stability, accuracy and spatial distribution of the 
oven were checked with a fast-response air sensor thermocouple (RS 
Components Ltd) and a platinum resistance thermometer (Julabo TD300, 
supplied by Gallenkamp). The maximum discrepancy between the oven wall 
and the centre was 0.3°C. The temperature set-point error varied 
between +1°C at 50°C and +4°C at 300°C. All temperature measurements 
were corrected using the calibrated platinum resistance thermometer as 
reference. The HP5880 permits plotting of oven temperature at a 
resolution of 0.01°C, which demonstrated that typically the variation 
was sinusoidal at + 0.03°C peak to peak with a period of 10 seconds.
Carrier gas flows were metered by the pressure gauge and mass flow 
controller fitted as standard. Typically, the helium or nitrogen
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supply pressure to the mass flow controller was set at 400 kPa.
Initially pressure readings were taken on the carrier supply side of
the injector port. It was intended to use short 1/4" glass columns
(0.5m x 3mm i.d.) and introduce samples on-column in the standard
Hewlett-Packard configuration. This proved unsatisfactory because the
pressure drop in the narrow-bore tubing was significant. Pressure
measurements in the supply to the injector can be misleading unless the
measurement point is close to the head of the column itself. The
carrier supply tubing, for example in the model HP5880, has an
impedance of about 40 kPa between the filter cartridge and the
injector, therefore measurements made from a tee-piece in the supply
line are erroneous. The reliability and sensitivity of a
septum-piercing pressure gauge (Phase Separations Ltd) was poor. There
being no practicable way to modify the on-column injector for direct
pressure readings, thermal desorber sampling cartridges (stainless
steel tubes, 89 x 6.35mm o.d., 5.00mm i.d.) were used in place of a
conventional analytical column. Pressure readings were taken from a
tee-piece interposed between the cartridge and a glass-lined injector
accessory extension (120 x 2mm bore). The cartridge was coupled to the
flame ionisation detector (FID) with 1mm bore stainless-steel tubing.
In some experiments a back-pressure regulator valve (SGE Ltd.) was
inserted between the cartridge exit and the FID in order to simulate
pressures up to 300 kPa in typical analytical thermal desorbers.
Pressure readings close to the cartridge inlet revealed that the
standard FID jet (10 x 0.3mm i.d.) contributed significantly to the
system back-pressure. One example, fouled by silica deposits,
3 -1required a pressure of 55 kPa to maintain a flow of 50 cm min , 
although in other respects it appeared to be behaving normally. The 
standard jet was replaced by one of 1 mm bore, designed for
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straight-through connection of capillary columns. Back-pressure
contribution from this jet was reduced to an acceptably low value of
0.4 kPa. A wide-bore jet has the disadvantage that, when reducing the
3 -1carrier gas flow below 5 cm min , the FID signal suddenly becomes 
noisier by 1-2 orders of magnitude, probably due to hydrogen and 
carrier being in an unstable opposing pressure balance.
The experimental arrangement is shown in Figure 2.3.
The requirements for physicochemical measurements by gas chromatography 
have been described by Conder and Young (1979, Chapter 3). For work 
with hydrocarbons at 'infinite' dilution a sensitive detector, such as 
FID, was essential in the measurement of diffuse peaks in short packed. 
beds. The measurement of diffuse trailing edges of peaks required a 
sensitivity down to 0.01 ng s . Typically, a 1 //g hydrocarbon 
injection gave an integrated area count of 10 //V.s. By bunching the
8Hz area slices together with software (program MOMENT, appendix Al.l) 
it was possible to detect a lOyc/V.s difference from true zero. Thermal
3
conductivity detectors (TCD) are normally a factor of 10 less 
sensitive than FID for hydrocarbons. Their use has been restricted to 
so-called finite dilution work, although one recent design of modulated 
flow TCD has a sensitivity of 1 ng s (Hewlett-Packard specification).
2.4.2 Preparation of Sorbent Cartridges
Thermal desorber cartridges were obtained commercially (Perkin-Elmer 
Ltd.). These are supplied with an internal groove machined to hold a 
100 mesh stainless-steel screen 14 mm from one end. When used as 
diffusive samplers the screen retains the sorbent to form one end of a 
well defined air gap. Sorbents were weighed in to + 1 mg as follows:
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Tenax TA, 60-80 mesh, 202 mg (Chrompack UK); Chromosorb 106, 60-80
mesh, 301 mg (Perkin-Elmer Ltd.); Spherocarb, 60-80 mesh, 318 mg (Field
Instruments); activated charcoal, 30-50 mesh, 299 mg
(Sutcliffe-Speakman) and retained with glass wool plugs. Weights were
selected to give a bed length of about 50-55 mm. Packed tubes were
3 Xconditioned at 250°C in a stream of nitrogen (20-30 cm min” ) for at 
least 16 hours before use. The packed Tenax tube was conditioned at 
300°C for 16 hours.
2.4.3 Injection of Sample
Sample introduction was by manual gas syringe injection through a 
rubber septum. Data acquisition and injection were synchronised within 
0.1 s by pressing a remote integrator-start positioned near the 
injector port. Gas standards were usually prepared semi-quantitatively 
in a 1 litre pyrex flask fitted with a PTFE-faced silicone septum. 
25-100 fjl of liquid solute was injected into the flask and dispersed 
with the aid of a PTFE stirrer bar. After evaporation and thorough 
mixing, 10-20 /j1 samples were withdrawn by a 100 /ul gas syringe 
(Pressure-Lok) with the aim of introducing 0.5-1 /jq of solute onto the 
sorbent cartridge. For less volatile solutes that would not readily 
vapourise, head space samples were withdrawn from septum-sealed vials. 
The appropriate volume was estimated by comparison of peak areas with 
the FID response from known hydrocarbon gas standards. It was noted 
that the Pressure-Lok gas syringe with manual slide-valve did not 
inject quantitatively against column head pressures much above 150 kPa. 
Some losses were observed. Larger volumes were injected at higher 
pressures to maintain comparable sample size. The majority of 
measurements were not affected by pressure-induced leaks, being made at
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less than 3 KPa column head pressure.
Evaporation of 25-100 /j1 of the most volatile solvents in a 1 litre 
flask and withdrawal of a gas sample with a syringe gave reasonably 
quantitative injections. It was more important to prevent the 
injection of more than 1 >ug than to be precise about the actual amount. 
For less volatile solvents, decane for example, sample size was more 
difficult to control; unheated glass surfaces adsorbed vapour. Gas 
injections of more than 30 /j1 tended to extinguish the flame. It was 
not practical to inject dilute standard solutions in a carrier solvent, 
such as methanol, because of poor resolution. The measurement of 
retention times by the method of statistical moments is very demanding 
in that respect, since the whole peak profile is computed and not just 
the apex. It was found that adequate control of sample size could be 
achieved by the injection of 5-20 //I of head-space vapour in a 10 ml 
septum vial containing 1 ml of high boiling solvent. To prevent sample 
carry-over, gas syringes had to be rigorously out-gassed with heat 
before proceeding to the next evaluation.
As a safety precaution, unsealed containers of volatile solvents or 
solvent vapour were handled in a ventilated fume cupboard.
2.4.4 Hewlett-Packard 3357 Data System Features
The HP3357 system is based on the HP1000 real-time computer. Up to 60 
signal channels can be accommodated on 4 digital transmission 'loops'. 
The maximum sampling rate on any one channel is 16 Hz, although the 
combined sampling rate transmitted to the CPU from all channels cannot 
exceed 320 Hz. The analog/digital (A/D) conversion modules require 
little or no output range switching. The resolution is 24 bit from
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0.25 /uV to 1 V. Signals are stored as a series of numbers representing 
the amplitude of area slices (raw files). After integration, the 
system creates processed data files containing retention times and peak 
areas. Unlike some early chromatography data systems, the relatively 
slow final sampling rate does not mean that fast peaks have significant 
missing area segments. The point voltage sampling rate is 1 kHz in the 
standard loop module. Data is bunched before transmission to the 
computer.
2.4.5 Processing of Detector Signal
The Hewlett-Packard 5880 gas chromatograph was equipped with an 
interface board connecting it to the data acquisition 'loop' of the 
HP3357 data system. The analogue detector signal in the HP5880 
instrument exists only as far as the FID processor board, where the 
signal is sampled at 40 Hz. At this point the rate is not 
user-adjustable. Because the analogue signal is transmitted for only 
about 3 cm, the signal to noise performance compares very well with 
earlier generations of analogue instruments. A 'loop' interface card 
samples the 40 Hz data at a rate which is user-adjustable between 
0.5 Hz and 8 Hz. In this work the rate was set to 8 Hz. Bunched area 
slices are transmitted to the HP3357 system and stored in a raw data 
file, where they are accessed by the standard integrator software, or 
by a program written by the user for some special purpose.
The standard integrator software assumes the presence of analytical GC
columns in offering a certain range of slope sensitivities. At 8 Hz
-1the highest attainable sensitivity is 1.9 mV min initially. At 
intervals the sensitivity is increased to compensate for peak
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broadening, but not usually enough for a column efficiency of 25-35 
theoretical plates. Custom software has the advantage that reported 
peak parameters are under the control of the user. For example, the 
standard integrator obtains retention time by fitting a cubic 
polynomial to the peak. This cannot be a complete description of the 
algorithm but, because the software is proprietary, the exact method of 
curve fitting is unknown, which is of some significance for the highly 
skewed peaks generated by short columns.
A peak processing program MOMENT was developed to deal with the problem 
of broad skewed peaks. Given peak start and stop times, MOMENT 
calculates the first statistical moment (peak centroid), the second 
moment or variance and the time of elution of any given fraction of the 
peak area by numerical integration. MOMENT can also bunch the 8 Hz 
area slices together to save computing time if required. About 500 
readings per standard deviation are more than adequate. The bunch 
factor can take any value from 1-255, equivalent to slice widths of 
0.125 - 32 s.
2.4.6 Peak Evaluation
MOMENT was validated by computer generated symmetric and skewed
functions. Of particular interest were the values of the peak
2
centroid, the variance a and the median ( time of 50% mass elution) 
and whether the values recovered by the method of statistical moments 
were consistent with the variables defined in the profile equations of 
Glueckauf and Underhill for very small theoretical plate numbers 
(Conder and Young, 1979, pp. 71-72; Underhill, 1985).
In the first version of MOMENT, a peak start and stop detection routine 
was written to simplify the measurement. This was statistically based
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and looked at area slices in groups of 5, so that slices 1-5 would be 
followed by slices 2-6. Typically, the test was that if 2 or more 
slices in any group of 5 exceeded the baseline mean plus 2 standard 
deviations then the criterion for peak start was met. The criterion 
for peak stop was similar, but less successful at detecting the true 
end point. In cases where the standard integrator was capable of 
generating a report, it was noted that the system assignment of 
baselines was superior to the simplistic approach just described, 
particularly for tailing peaks and noisy signals. For this reason, 
attempts to emulate that aspect of integrator performance were 
abandoned. It was decided to set peak start and stop points by 
inspection of chromatogram plots expanded by the system graphics 
utility CPLOT. To compensate for small baseline shifts on each side of 
the peak, MOMENT has the option to extend baseline horizontally 
forwards or backwards, a feature not allowed by the HP3357 integrator. 
The reported times of 1% and 99% elution can be spurious, unless the 
baseline actually tangent skims the true initial and final levels.
2.4.7 Measurement of Volume Flow-Rate
Carrier gas flows were measured at the FID jet tip with a digital
reading soap bubble meter (Phase Separations Ltd). The resolution of
3 —1the instrument was + 1% in the range 5-50 cm min . The claimed 
accuracy is + 2%. The soap bubble meter was compared with a calibrated 
burette and, after due allowance had been made for the vapour pressure 
of water, was found to be accurate to within +1%.
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2.4.8 Measurement of Void Volume
The system void volume was determined by injection of 10 yt/1 2.5% 
methane in air. Methane is adsorbed to small degree, but the error in 
the extrapolated volume is negligible. Other chromatographic methods 
to detect the 'air' peak with FID, such as the injection of pure 
nitrogen, argon, hydrogen or carbon dioxide, were not successful in 
helium carrier. No FID disturbance could be definitely attributed to 
the perturbing gas.
2.4.9 Procedure for Determination of Retention Volume
The selected sorbent cartridge was installed with stainless-steel
Swagelok fittings and the carrier gas flow-rate established at 45-55 
3 -1cm min . The standard HP5880 mass-flow control maintained a constant 
flow, within experimental error, and was unaffected by cartridge 
pressure or temperature. The cartridge was conditioned at about 50°C 
above the maximum required temperature until all volatile contaminants 
were purged. The oven temperature was reduced to the level of the 
first measurement, whilst plotting the FID signal. Samples were 
injected when the signal drift had fallen to less than 0.01 pA min- ,^ 
as reported by the CLIST ZERO> function of the HP5880.
Simultaneously with injection, data acquisition was started by pressing 
a remote start switch next to the injector port. In some cases the 
conclusion of a peak could not be judged by visual observation during a 
run. Subsequent examination of the raw file with CPLOT showed that 
data acquisition could be stopped prematurely in peaks eluting over 
more than 20 minutes. Again, the <LIST ZERO> was an aid to determining 
whether the signal had returned to baseline.
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The raw data file was displayed with CPLOT in expanded time and 
amplitude form. An assessment was made of the peak start and stop time 
and of any baseline changes. After entering the required variables, 
MOMENT calculated the peak centroid, the 1% and 99% elution times.
Before each observation at the new temperature, 5 minutes was allowed
for oven equilibration. The stability of each set point was confirmed 
with a platinum resistance thermometer reading to + 0.1°C. The 
practical run-time limits of 0.1-30 min were reached over a temperature 
range of about 50°C, although on occasion up to 100 min was allowed for 
peak elution. For each solute there were usually 4-6 observations.
Retention volumes were corrected for the system void volume, log 
transformed and extrapolated to 20°C in a linear regression of lnfV^/T) 
against 1/T, where T is the absolute temperature in Kelvin. The 
enthalpy of adsorption was obtained from the slope of the plot 
(-A^gH/R). A similar regression was also carried out for the log 
transformed elution corrected for void volumes. The elution
volume was extrapolated to give the temperature equivalent to a
3
desorption volume of 50 cm when measured at room temperature.
A sample of the activated charcoal Filtrasorb 400 with a published 
calorimeter heat of adsorption of -62 kJ mol-^ (Dasopoulos, 1986) was 
used to measure -A^gH by the GC - extrapolation method. A short lOOrng 
column (30 x 4mm i.d.) of Filtrasorb 400 was packed into a glass ATD 
tube (Perkin-Elmer Ltd) and retention volumes measured over the range 
100°C to 140°. At the higher temperature some decomposition of ethanol 
was noted and at 160°C no ethanol could be eluted from a l//g vapour 
injection in 0.02ml air. Decomposition still occurred when ethanol 
samples were prepared in nitrogen. At lower temperatures there was
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again a difficulty in quantitative elution of ethanol from a vapor 
injection, but liquid injections (Hamilton 7001) of <0.01/t/L gave 
measurable peaks and these were the basis of the calculation.
2.4.10 Effect of Sample Size on Retention Volume
A static gas standard was prepared by dispersing 50 /jl of n-octane in a 
1 litre Pyrex plask sealed with a silicone rubber septum. Gas samples 
(5-100 //l) containing approximately 180-360 ng n-octane, were injected 
onto a Tenax cartridge (200 mg) at 100°C. Larger quantities were 
introduced by using a 1 /jl syringe of the plunger in needle type 
(Hamilton #7001). Actual quantities were estimated by comparing peak 
areas with those from 100 /jl gas injections. Retention volumes 
calculated from the peak centroid, were plotted as a function of the 
amount injected.
2.4.11 Effect of Flow-Rate on Retention Volume
It was noted that, during the determination of the retention volume of
1,1,1-trichloroethane on Tenax, the peak was much broader than expected 
and appeared to tail severely. Substituting an inert cartridge of 
glass beads (BDH Ltd, 60-80 mesh) showed no abnormal behaviour; more 
than 99.9% of the solute was eluted within a volume 1.5 times the void 
volume. Varying the flow-rate can demonstrate whether a non-linear 
isotherm is responsible for the tailing, since the mean residence time 
would not vary in exact inverse to the flow-rate. As a control and 
test of technique the effect of flow-rate on the retention volume of 
trichloromethane was also studied. Trichloromethane gave normal peaks 
on Tenax and no effect was to be expected.
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3 . -1Flow-rates were varied over the range 10-49 cm min for
1,1,1-trichloroethane at 120°C and 13-67 cm^ min-'*' for trichloromethane
at 60°C. The dead time at each flow-rate was determined by the
3 -1injection of 10 /il 2.5% methane in air. Below 10 cm min ,
3 -1experiments were limited by excessive FID noise. Above 70 cm min 
the flame was extinguished. The problems were caused by the bore of 
the jet being incompatible with both very high and very low flows. To 
prevent flame-out at high carrier flows one must use a wide-bore jet or 
try increasing the hydrogen flow. Either modification will increase 
noise. Other FID designs may be less sensitive to these effects, 
although they may also offer less ultimate performance. It is possible 
to vent some of the flow before reaching the detector. The 
disadvantage would be that the FID tends not to operate under these 
conditions, unless a back-pressure regulator is interposed between the 
vent and detector, which may complicate accurate volume comparisons at 
different flow rates.
2.4.12 Effect of Pressure on Retention Volume
A cartridge containing Tenax TA (200mg) was installed in the 
chromatograph and equlibrated at 80°C. System pressure (gauge) was 
varied over the range 0-300 kPa by adjustment of the back-pressure 
control valve (model MCV-1-100, SGE Ltd) installed between the 
cartridge exit and the detector. Above 310 kPa, back-pressure control 
was unstable and the GC mass-flow control was unable to hold the 
carrier gas flow constant. Since leaks could invalidate the results, 
the system was pressurised to 400 kPa and the control valve closed off. 
With the gas supply shut down, the pressure drop proved to be less than
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-1 -1 0.01% min , equivalent to less than 0.005 ml min . After each change
of pressure the system was allowed to stabilise for 5 minutes.
Approximately 1/yg amounts of benzene, iso-butanol, tert-butanol and
1,1,1-trichloroethane were sampled from static vapour standards
prepared in the usual way. Peak profiles were recorded and the elution
points V„, V. o and VQQO calculated using the program MOMENT. k ■L'6
2.4.13 Simulation of Skewed Chromatograms
The purpose of the simulation was to see if a simple profile model (the 
Underhill peak profile in this case) could approximate a highly skewed 
peak (N < 1), without additional terms explicitly representing such 
parameters as adsorption sites with a range of activation energies or 
exponential decay. Ideally, the GSC elution profile of 1,1,1-TCE on 
Tenax at 20°C would be recorded in order to assess the feasibility of 
preparing reference analytical standards on Perkin-Elmer thermal 
desorption tubes. This profile would be 300-400 minutes long. While 
there is no reason why the data system or software cannot accommodate 
chromatograms of this length, it was decided to run the sample at 36°C 
for improved sensitivity and temperature control and extrapolate to 
20°C.
A cartridge containing 100 + 1 mg Tenax TA (60-80 mesh) was installed 
in the chromatograph. The carrier gas was 49 ml min helium. The 
elution profile of l//g of 1,1,1-TCE was recorded over 100 minutes at 
8Hz and reprocessed with MOMENT to give a bunched data file of 6000 
points. With the peak tail extending nearly 100 minutes it was 
difficult to distinguish FID signal drift from the authentic offset of 
residual 1,1,1-TCE. The HP5880 chromatograph provides for the listing
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of the absolute signal zero at a resolution of + 0.01 pA. Before 
injection of the sample, the signal zero was monitored for any drift 
which might invalidate the integration. Taking second and higher 
moments asymmetrically around the centroid in order to include the 
whole profile, a value for N was calculated. Equation 1.13 was 
programmed to generate amplitude data at any desired interval of 
elution volume, given a value for N, and display the result on an X-Y 
plotter (Hewlett-Packard 7470). A 2000 point curve was generated using 
the experimental value of N determined by MOMENT from the 1,1,1-TCE 
profile. MOMENT back-calculated N from the model profile and 
calculated centroid, median, skew and skew ratio for both the model and 
experimental data. To illustrate the effect of increasing non-ideality 
on peaks according to the Underhill and Glueckauf equations, profiles 
were generated for values of N from 0.5 to 200 (Programs SKEW2 and 
SKEW3, Appendix Al).
2.4.14 Simulation of Steady-State Frontalogram
It was required to analyse 1,1,1-TCE, trichloroethene and 
tetrachloroethene on Tenax (Perkin-Elmer thermal desorption tube,
25 x 5mm sorbent bed, lOOmg) with high accuracy in order to certify 
analytical reference material. The tubes were loaded with 0.4-0.8 //g 
per component by Technologie Nederlandse Organisatie (TNO), Delft, 
Netherlands, under contract to the European Community Bureau of 
Reference (BCR). TNO used permeation tube standard atmosphere 
generation and sampled 1.0 litre on each of 1000 tubes to create a 
relatively homogeneous batch. The detailed method of preparation was 
described for benzene, toluene and xylene on Tenax by Vandendriessche 
and Griepink (1989). The purpose was to provide, for sale, reference
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material for analysis by thermal desorption. To certify the batch, 
10-15 selected laboratories from the European Community member states 
use best possible analytical practice and analyse a 10% sample of the 
whole batch. In this work, for example, microlitre syringes were 
calibrated gravimetrically; all solutions were prepared gravimetrically 
and no pipettes were used; liquid transfers were by syringe from one 
septum-sealed flask to another to eliminate evaporation. All reagents 
were the purest commercially available.
The work on simulation of the breakthrough of 1,1,1-TCE on Tenax was 
carried out because in-house attempts to load 1,1,1-TCE on Tenax by 
injection of methanol solutions and purging were not successful. 
Similarly, the loading of small gas samples showed that 1,1,1-TCE was 
lost from lOOmg Tenax after relatively small elution volumes of less 
than 0.2 litres. The tubes for certification, loaded by TNO, were 
analysed essentially by the procedure described in section 2.5.2, 
except that gravimetrically prepared methanol solutions at 5 levels 
(0.3-1 /yg per component in 5 fjl solution) were loaded on to calibration 
tubes packed with Chromosorb 106 (160 mg, 60-80 mesh). The methanol 
was purged with 0.7 litres of helium, leaving the three chloroalkanes 
quantitatively sorbed.
The 48000 point data file of the elution of 1,1,1-TCE on Tenax, 
referred to in section 2.4.13., was reduced to 255 points using the 
bunching feature of MOMENT. In this version of interpreted BASIC, 
running as part of the HP3357 data system, a maximum of 255 subscripted 
variables are allowed in memory. The use of disk files avoids this 
limit, but to save computing time the resolution was restricted to 255 
time elements, each representing 24 s or 187 area slices of the 
original chromatogram at 8Hz. The reduced peak data was numerically
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integrated to give the simulated breakthrough curve. For each of the 
255 time elements, the breakthrough was calculated by a second 
numerical integration and expressed as a percentage of the total sample 
remaining on the Tenax cartridge.
2.5 Storage Trials
2.5.1 Storage of Aromatics on Tenax (22 days)
12 replicate thermal desorption standards of benzene, toluene, 
ethylbenzene, mr-xylene and o-xylene at levels of 1.9 //g per component, 
were prepared by the syringe loading method described in section 2.5.2. 
6 tubes were sealed using aluminium caps with viton O-rings 
(Perkin-Elmer Ltd). The remaining 6 were sealed with brass Swagelok 
caps (B-400-C) and one-piece 1/4" PTFE ferrules (Cromatography Services
Ltd). After 22 days storage at 19-23°C in the open laboratory, tubes
were analysed by thermal desorption and capillary gas chromatography 
and the recoveries compared with freshly prepared standards.
2.5.2 Storage of Mixed Solvents on Tenax (1 Year)
Standard solutions of 42 volatile organic compounds found in paints, 
adhesives and inks, were prepared gravimetrically in methanol to give 
5-10 fjq amounts of each component in 5 /jl. In order that all 
components were resolved by capillary gas chromatography on two 
stationary phases (BP-1, 50m x 0.22mm, 1.0 yum film; BP-10, 50m x
0.22mm, 0.5 //m film) the solvents were divided into 3 groups. Groups 1
and 2 were stable in methanol solution. Some ketones in group 3 showed 
signs of degradation, particularly cyclohexanone and the methyl
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cyclohexanone isomers. This standard solution was prepared fresh daily 
or weekly, if stored at -20°C. Within each group, almost all 
components were resolved on both phases, but in no case did a 
particular pair co-elute on both phases.
Group 1: n-hexane, n-heptane, n-octane, n-decane, n-undecane,
n-dodecane, benzene, o-xylene, p-xylene, iso-propylbenzene, 
n-propylbenzene, m-ethyltoluene, p-ethyltoluene, o-ethyltoluene, 
1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene, n-propyl acetate, 
iso-butyl acetate, n-butyl acetate, methoxyethyl acetate, butoxyethyl 
acetate, toluene.
Group 2: 1,2,3-trimethylbenzene, ethylbenzene, ethyl acetate,
ethoxyethyl acetate, iso-propanol, iso-butanol, n-butanol, 
ethoxyethanol, 2-methoxypropanol (propylene glycol monomethyl ether), 
butoxyethanol, toluene.
Group 3: acetone, 2-butanone, methyl isobutylketone, cyclohexanone,
2-methylcyclohexanone, 3-methyl cyclohexanone, 4-methyl cyclohexanone, 
isophorone (3,5,5-trimethylcyclohex-2-enone), iso-propyl acetate, 
n-nonane, toluene.
Figures 2.5 to 2.7 show typical chromatograms obtained from the three 
calibration standards.
Thermal desorber tubes (89 x 6.35 mm o.d.) were packed with Tenax TA 
(160 + 10 mg, 35-60 mesh) and conditioned for 2 hours in a stream of 
nitrogen (20-30 ml min )^ at 250°C. After cooling to ambient 
temperature, the tubes were fitted inside an unheated 1/4" 'on-column' 
injector port taken from a surplus Perkin-Elmer F30 gas chromatograph. 
To avoid distortion of the thin-walled tube only PTFE ferrules were
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used. 5.0 fjl of the standard solutions were injected slowly onto the 
stainless-steel mesh screen 14 mm from the inlet end. During 
injection, and for 4 minutes afterwards, the tubes were purged with 
helium (50 ml min ) to remove most of the methanol.
From each of the 3 calibration mixtures 15 tubes were prepared. A batch 
of 5 randomly selected from each group were analysed after 5 days using 
conditions described in section 2.6.2. A further 5 tubes were analysed 
after 5 months and the remaining 5 at 11 months. All were stored at 
ambient temperature. From data published by the European Community 
Bureau of Reference (BCR), it is known than toluene at the 1 ywg level 
is stable on Tenax for at least 2 years when stored in similar 
conditions (Vandendriessche and Griepink, 1989). It seemed reasonable, 
therefore, to ratio the peak area of each component to that of toluene 
and assume the internal standard ratio at 5 days was equivalent to 100% 
recovery.
Because of the single-shot' nature of thermal desorption, it is not 
practicable to certify the absolute amounts of the 42 components by 
repeat analysis of the the same material. This can only be achieved by 
random sampling of a very large batch and a bias of less than 2% cannot 
be guaranteed, even by experienced analysts. Single internal standard 
results have a coefficient of variation of about 0.5% (standard error 
of the mean + 0.2% for 5 replicates).
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2.6. ATP - Capillary Gas Chromatography
2.6.1 Analytical Procedure
Swagelok fittings were removed from the stored sampling cartridges and 
replaced with analytical end-caps. The tubes were then placed on the 
carousel of a Perkin-Elmer automated thermal desorber (ATD-50). The 
stainless-steel analytical end-caps are fitted with a spring-loaded 
ball which normally presses against an O-ring. The tubes are elevated 
from the carousel and pressed firmly between two nozzles. The 
spring-loaded balls at each end are pushed away from the O-rings by the 
high-pressure helium carrier (400 kPa), initiating a 2 minute leak 
test. At the succesful conclusion of the leak test, the tube is heated 
to 250°C for 3 minutes in a stream of helium (50 ml min-^). Volatile 
components are purged from the Tenax sorbent and trapped on a small 
plug of Tenax (25 mg, 80-100 mesh) held at -30°C by a Peltier-effect 
cooler. Gas flow-rates through the sorbent tube and the trap are 
separately adjustable; inlet split ratios from 5:1 to 100:1 are 
possible. At the end of the desorption period, valves are switched so 
that the total desorption flow passes throught the trap.
Simultaneously, the trap is heated from -30°C to 300°C in 10 s. On the 
exit side of the trap is fitted a transfer line (deactivated fused 
silica, 1 m x 0.4 mm i.d.) terminating about 5 mm from the packed bed 
in the trap. A vent, controlled by a needle valve, is available to 
adjust the outlet split ratio; outlet split ratios from 5:1 to 200:1 
are possible. The multiple splitting system allows a wide range of 
overall split ratio (25:1 to 20000:1) whilst giving some choice of 
pressure and flow in each part of the sample path (Figure 2.2).
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The transfer line terminates at the gas chromatograph in a low 
dead-volume splitter union (SGE union VSOS). Two 50 m x 0.22mm 
capillary columns were coupled to the union with a twin-hole 
graphite-Vespel ferrule. The temperature of the split point is held at 
200°C by an auxilliary heated block within the oven wall of the HP5880 
gas chromatograph. A start signal is sent from the ATD-50 at the 
moment of trap firing to begin the GC temperature program (50-180°C at 
5°C min Simultaneously, data acquisition on two FID channels is
started. At the conclusion of the run each channel generates a 
separate report.
The summary reports of recoveries at 5 days, 5 months and 11 months are 
given in Tables 5-9. For each storage period, dual-channel analysis 
generated 1200 peak area values. A data-base program FILER was written 
to extract areas and calibrated amounts for up to 55 peaks in each of 
50 samples, and to calculate mean area counts and standard deviations. 
FILER has some additional features but a discussion and listing are 
outside the scope of this work.
2.6.2 Instrument Conditions
Temperature program 50-180°C at 5°C min detector temperature 220°C;
—2 —1 inlet pressure 305 kPa (44.8 lb in ); mean carrier velocity 30 cm s ;
carrier flow 0.7 ml min helium; column A, BP-10 (7% cyanopropyl
silicone), 50m x 0.22mm, 0.5 /mi film thickness; Column B, BP-1 (100%
methyl silicone), 50m x 0.22mm, 1.0 //m film thickness.
Mean oven temperatures were measured at the lower and upper limit with 
a calibrated platinum resistance thermometer. The error was + 1°C at 
50°C and + 3°C at 180°C, hence a program rate nominally set at 5°C
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min was not strictly linear. The oven temperature was held within + 
0.2°C of the calculated value by using the multiple ramp facility of 
the HP5880. The rate can be programmed in up to 255 steps with 0.01°C 
min-1 resolution. In this case, 3 steps of slightly less than 5.00°C 
min were sufficient.
2.7 Measurement of GC Retention Indices
Temperature-programmed retention indices for 36 common solvents were 
determined at intervals over 3 years from 1986-1989 on BP-1 and BP-10 
phases. The GC conditions were as described in section 2.6.2. The 
method of calculation was polynomial or cubic spline interpolation 
(Halang et.al., 1978). Hand calculations of this type are not 
feasible, therefore a suite of programs was written which incorporated 
the algorithm described by Halang et.al. for calculating the 
coefficients of a series of 3rd degree polynomials. The dialog version 
(SPLINE) requires the input of a series of n-alkane retention times 
with their respective standard index value, for example n-hexane is 
600. The retention index corresponding to any intermediate time is 
calculated. A valid index value must be bounded by two reference 
alkanes because SPLINE cannot extrapolate a curve. It can only 
extrapolate in a straight line with the last calculated slope. SPLINE 
can also be used for interpolation of any experimental x,y data points 
that are relatively precise and show a moderate curvature, such as peak 
area as a function of concentration in a non-linear split injection 
system. An on-line version of SPLINE was written to calculate the 
table of coefficients from a data system file of n-alkane retention 
times. Calibration samples were prepared as described in section
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2.5.2. Usually they contained 10 yt/g each of n-C^ to 0.5 //g
toluene as an additional reference. The sample name was used as a flag 
to signal whether the file was a calibration file and, if so, which 
n-alkanes were present. Provision was also made for averaging 
retention times in a sequence of calibration samples.
A listing of SPLINE and its algorithm is given in Appendix Al.5. For 
clarity, only the abreviated dialog version is listed. The automatic 
on-line version was normally used to calculate retention indices, but a 
detailed description is outside the scope of this work.
2.8 Effectiveness of Tube Closure Methods 
2.8.1 Test at Ambient Concentration (119 days)
1/4" Brass Swagelok caps (B-400-C) were re-assembled with Swagelok PTFE 
ferrules. To avoid crimping the analytical Perkin-Elmer tubes, the caps 
were pre-swaged on spare tubes to a pull-up distance (shoulder of cap 
to nut) of 2.8 mm. This distance was necessary in order that the 
hand-tightened nut cleared the second machined groove, which carries 
the clip.
Laminated plastic/metallic foil bags were obtained from DRG flexible 
packaging (Malago Works, Bedminster, Bristol). Freshly conditioned 
Perkin-Elmer ATD tubes were stored with various combinations of 
end-caps both with and without closure in laminated bags for 119 days.
Storage conditions (5 tubes per group):
Group A Perkin-Elmer, open laboratory 
Group B Swagelok caps, open laboratory
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Group C Perkin-Elmer caps, mechanically sealed bags
Group D Swagelok caps, mechanically sealed bags
Group E Perkin-Elmer caps, heat-sealed bags
Group F Swagelok caps, heat sealed bags
Tubes in groups C and D were sealed with nylon tube closures originally 
used by 3M on the type 3500 organic vapour monitor. Groups E and F were 
carefully heat-sealed with a small soldering-iron, because commercial 
heat-sealers available at the time of the trial lacked sufficient 
power.
Analysis conditions:
Perkin-Elmer ATT); desorption at 250°C for 3 minutes, cold trap low 
-30°C, cold trap high 300°C.
Gas chromatograph; Hewlett-Packard 5880A fitted with 50 metre x 
0.22 mm capillary column (BPl 1.0 urn film) supplied by SGE Ltd.
Carrier gas; 43.0 psi Helium equivalent to 30 cn\/sec mean carrier 
velocity; oven temperature, initial temperature 50°C; program rate 
5°C/min, final temperature 180°C.
n-Hexane, n-heptane, n-octane, benzene, toluene and xylene were chosen 
as contamination indicators. These are the major interferents in urban 
ambient air, presumably originating mainly from motor vehicle exhaust. 
Standards were prepared by microlitre injection of known quantitites in 
methanol solution on clean tubes in a stream of helium.
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2.8.2 Test at High Concentration (24 Hours)
1/4" Swagelok fittings in brass and aluminium (North London Valve and
Fitting Co.) were obtained. The standard metal ferrules were replaced
with one-piece PTFE ferrules (Jones Chromatography). Push-fit end caps
with Viton O-ring seals were obtained in aluminium and PTFE
(Perkin-Elmer Ltd). The compression fitting methods were compared
with both hand-tightening and tightening to specification. Sampling
tubes were place in a 1 litre flanged reactor flask. A static standard
atmosphere of benzene (27000 ppm) was prepared by injecting 100 jjl 
#
benzene onto a glass fibre disk (100mm GF/A, Whatman Ltd.) suspended 
above the sample tubes. The benzene evaporated and dispersed in a few 
seconds. After 24 hours exposure the tubes were analysed for benzene 
content by thermal desorption - capillary gas chromatography, as 
described in section 2.6.
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RESULTS
3.1 Thermal Evaluation of Polyimides
Table 3.1 lists the levels of artefact formation in the thermal 
desorption of PI-149 after a 6 hour conditioning period at 200°C.
Other polyimides showed similar levels of artefacts, namely 20-50 ng 
total volatile material (Table 3.2) and, exceptionally, the 
azo-dianiline polyimide (PI-167) gave 450 ng total volatile material. 
Repeated desorption of the polyimides at 250°C did not significantly 
reduce the background levels. To achieve a reduction to an average of 
lOng total volatile material required a further 6 hour conditioning 
period at 280°C.
The synthesised polyimide PI-2 (9.22mg, unpelletised) and PI-3 (4.60mg) 
were exposed to ethanol vapour in the calorimeter during an adsorption 
and desorption cycle. The integrated heat of adsorption for PI-3 was 
calculated to be -62 kJ mol . The corresponding heat of adsorption 
calculated for PI-2 was -77 kJ mol , but this second value should be 
discounted, because the uptake of ethanol was small (0.13 mg) compared 
with the uptake on PI-3 (0.64 mg) and the limits of error on the heat 
of adsorption were correspondingly larger. Adsorption and desorption 
DSC plots for ethanol on PI-2 and PI-3 are compared in Figures 3.1.1 
and 3.1.2.
Adsorption isotherms of benzene, dichloromethane and 2-butanone on 
PI-3, calculated by the gas chromatographic Elution by Characteristic 
Point (ECP) method (Section 2.1.3), are shown in Figure 3.2.1. The 
adsorption isotherms of solutes on PI-2 could not be measured using the 
GC system described in section 2.1.3. The size of the packed bed was 
optimised for charcoal sorbents and retention times were too short for
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meaningful measurement. Non-linear chromatograms of 50-300 /yg n-octane 
on PI-3 were obtained on longer cartridges (6cm) and the results from 
different sample sizes were overlaid to assess whether the diffuse 
sides of the peaks were superimposable (Figure 3.2.2).
3.2 Van't Hoff Plots
The results of van't Hoff plots for a range of solutes on Tenax,
Chromosorb 106, Spherocarb, activated charcoal and the polyimides
PI-149, PI-2 and PI-3 are shown in Tables 3.3 to 3.8 respectively. For
each solute-sorbent combination the retention volume and breakthrough
volume on short sampling cartridges were calculated by linear
regression. In a few cases van't Hoff plots of breakthrough volume
were poorly correlated and extrapolated values were not calculated.
Plots correlating and f°r Tenax, Chromosorb 106 and
Spherocarb are shown in figure 3.3. Results for PI-2 (Table 3.8) were
for material that had not been pelletised and milled. Pelletised PI-2
had no adsorptive properties and could not be used to determine V .
y
Decomposition reactions on cartridges were suspected from the reduction 
of peak areas of some solutes on charcoal as the desorption temperature 
increased. 1,1,1-Trichloroethane, dichloromethane and enflurane showed 
this effect. More obvious decomposition was observed with 
1,2-dichloroethane on Spherocarb. As the desorption temperature was 
raised from 200°C to 280°C the peak broadened and developed a leading 
shoulder, presumed to be vinyl chloride (Figure 3.4). Halothane on 
Spherocarb decomposed slightly at 220°C and completely at 280°C. For 
methyl acetate, no difference was seen in the amount of decomposition 
on charcoal (Sutcliffe-Speakman) at 220°C between vapour standards
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prepared in air and nitrogen. An injected vapour standard of n-hexane 
in nitrogen, did show a reduction in decomposition on charcoal at 345°C 
with reference to a standard prepared in air (Figure 3.5). A 
preliminary comparison between a value published for ethanol on
Filtrasorb 400 and a value determined from the van't Hoff plot is 
discussed in section 4.4.
Sample size effects for n-octane on Tenax are shown in Figure 3.6. The 
largest sample size consistent with infinite dilution conditions was 
about 1 /yg. The effects of carrier flow-rate on the elution profiles 
and V_ for trichloromethane and 1,1,1-trichloroethane on TenaxX\
cartridges are reported in Tables 3.9 and 3.10 and the effects of
pressure on the chromatographic properties of benzene, iso-butanol,
tert-butanol and 1,1,1-trichloroethane are reported in Table 3.11. The
effect of pressure on the elution profile of tert-butanol on Tenax is
illustrated by figure 3.7. A summary of the raw data for V^, and
V0 for benzene on Tenax is presented in Table 3.12 and a comparison of
literature values for V (benzene-Tenax) is given in Table 3.13.
9
3.3 Computer Simulation of Sampling
The distorted pulse elution profile of 1,1,1-trichloroethane on Tenax 
was simulated with a skewed peak function (equation 1.13). The 
agreement between the model and experiment is shown in Figure 3.8 and 
Table 3.14. A numerically integrated form of the pulse profile in 
Figure 3.8 is plotted in Figure 3.9, calculating the percentage of
1,1,1-trichloroethane that would be retained on a 100 mg sampling 
cartridge as a function of carrier gas volume in a hypothetical 
steady-state experiment. Independent data from a real steady-state
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experiment are included in Figure 3.9 for comparison.
3.4 Ageing of Capillary Stationary Phases
Temperature program retention indices on BP-1 and BP-10 silicone phases 
(1986-1989) are tabulated for aromatic compounds (Table 3.15), esters 
(Table 3.16), ketones (Table 3.17), alcohols and glycol ethers 
(Table 3.18). Some data relating to June 1986 is incomplete because 
the full calibration mixes (typical chromatograms shown in Figures 2.5 
to 2.7) were prepared at a later date. The RI were calculated using a 
cubic spline polynomial and a typical list of polynomial coefficients 
generated by the program SPLINE is given in Table 3.19 together with a 
comparison of RI calculated by polynomial interpolation and linear 
interpolation (Table 3.20).
The factors to be taken into account in quantitative analysis of 
solvent mixtures by ATD-high resolution chromatography are discussed in 
Appendices A3.1 and A3.2.
3.5 Storage of Calibration Standards on Tenax
Recoveries of some volatile aromatic compounds stored on Tenax for 22 
days with two types of end caps are given in Table 3.21. and recoveries 
for about 40 volatile organic compounds (VOCs) after 1 year storage on 
Tenax tubes expressed as internal standard ratio to toluene are given 
in Tables 3.22 to 3.26.
The permeability of different forms of end-caps to ambient hydrocarbons 
is presented in Table 3.27 and permeabilities in conditions simulating 
vapour contaminated storage (0.2% v/v benzene vapour) are presented in
71
Table 3.28
Some methods of sealing thermal desorption tubes are discussed in 
Appendix A3.3.
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Table 1.1 Some Commercially Available Sorbents for Air Sampling
Sorbent Type Manuf. BET surface
2 -1 area m g
Chromosorb 101 Styrene DVB Johns-Manvilie <50
Chromosorb 102 Styrene DVB it 300-400
Chromosorb 103 Polystyrene it 15-25
Chromosorb 104 Acrylonitrile-DVB it 100-200
Chromosorb 105 Polyacrylic ester H 600-700
Chromosorb 106 Polystyrene ti 700-800
Porapak N A + Vinylpyrrolidone Waters Assoc. 225-350
Porapak P Styrene-DVB f 100-200
Porapak Q Ethylvinylbenzene-DVB U 500-600
Porapak R A + Vinylpyrrolidone If 450-600
Porapak S A + Vinylpyrrolidone fl 300-450
Porapak T A It 250-350
Tenax TA Poly(diphenylene oxide) Akzo 30-70
Carboxen 563 Carbon Molecular Sieve Supelco Inc. 510
Carboxen 564 it I 400
Carboxen 569 i I 485
Carbosieve S-II it It 1060
Carbosieve S-III it IV 820
Purasieve it Union Carbide 950
Spherocarb i Analabs Inc. 880
Activated carbon - Calgon Corp. 1070
DVB = Divinylbenzene A = Styrene DVB or Ethylvinylbenzene + DVB
[References: Chromosorb series, Castello and D'Amato (1981); Porapaks,
Castello and D'Amato (1980) Tenax, Pellizzari et.al. (1985); Carbons, 
Betz et.al. (1989)]
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Table 3.1 Major Thermal Desorption Artefacts of PI-149 
eluting in region, expressed as
ng hydrocarbon, mean and standard deviation (n=5)
Desorption cycle no. peak 1 peak 2 peak 3 Total ng
1 22+5 14+3 11+3 47+12
2 20+9 15+11 17+3 52+20
3 15+4 <8 18+3 =40
4 13+2 <8 18+4 =40
Table 3.2 Total Artefacts in Polyimides and Tenax GC
5th Desorption Cycle, ng
Polyimide designation Functional Total ng
group
PI-136 - Cl 43+16
PI-149 - CH2- 27+10
PI-159 i cn 0
 
to
1 54+17
PI-164 - Ar(Me)2- =20
PI-167 - N=N - 450+300
Tenax GC 0.5+0.3
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Table 3.11 Effect of Pressure on Retention and Theoretical Plates (N)
(50 x 5mm Tenax TA, 81°C, flow = 43.8 cm3min )^
Press. VR Vl% V99% N
kPa(gauge) ml (corrected)
Benzene 2.0 44.4 25.6 72.7 22.3
42.9 44.2 26.3 70.5 24.4
94.3 43.8 26.4 70.5 25.4
141.9 43.2 26.3 67.7 26.1
196.5 42.7 26.1 66.9 26.4
266.2 42.1 26.0 64.3 27.5
iso-Butanol 2.2 88.9 48.6 192 13
309.7 83.4 40.2 153 23
tert-Butanol 2.1 38.6 3.6 178 -
155.8 36.4 6.7 121 -
277.8 33.8 8.0 89.7 =7
1,1,1-Trichloroethane 2.0 116.5 9.4 474 -
309.2 103.2 15.5 253 -
85
Table 3.12 Q / and VggQ, for Benzene on Tenax (200mg)
Temp °C Corrected Vol. c m 3
Vl% VR V99% N th.
61.0 324.4 542.2 853.7 24.8
66.0 228.8 382.1 611.0 24.8
71.2 162.4 275.7 516.8 23.7
76.2 117.1 199.7 390.0 23.4
81.3 86.4 148.0 294.0 23.1
86.3 63.7 106.2 185.4' 25.0
91.3 47.5 79.3 141.1 24.9
96.3 36.1 60.1 111.0 25.1
101.4 27.2 45.0 78.6 25.4
plates
86
Table 3.13 Literature values of V for Benzene on Tenax at 20oC)
Source Vg l g
-1
Janak et.al. (1974) A 
Butler and Burke (1976) 
Brown and Purnell (1979) 
Vejrosta et.al. (1981) 
Pellizzari et.al. (1982) 
Van der Straeten (1985) 
This work
B
60 + 15 
80 
62 
67 
69
6 8 + 9  (s.d.)
6 8 + 2  (95% confidence)
(A) The fit of experimental points was poor. Reported value (31 1 g 
at 25°C) was recalculated by a graphical method.
(B) The reported value (59 + 8 1 g-^ at 22°C) is corrected here to
-1
20°C.
87
Table 3.14 Elution Profile (1,1,1-TCE on Tenax)
Moments Analysis
Expt. Eqn. 1.9
(N = 0.594)
N 0.594
Centroid 12.9 14.9
Median 3.1 5.9
Skew 2.07 3.75
Skew Ratio 6.56 6.92
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Table 3.19 Sample Output of SPLINE for n-Alkanes to 
GC Conditions described in Section 2.6.2
r.t.(mins)
X
Index
a
x . .-x. 
l + l  l
h
Coefficients 
b  c d
5.717 600 2.412 43.65 0 -0.3770
8.129 700 3.215 37.07 -2.728 -0.2714
11.344 800 3.632 27.94 -0.1106 -0.0005
14.977 900 3.706 27.11 -0.1197 0.0237
18.682 1000 3.589 27.19 0.1440 0.0177
22.271 1100 3.413 28.68 0.2703 -0.0265
25.684 1200 3.413 29.60 0
Table 3.20 Retention Indices Calculated by Two Interpolations
Spline Linear AI
Benzene 653.0 650.9 2.1
Ethoxyethanol 700.8 700.6 0.2
4-Methylpentan-2-one 725.0 722.0 3.0
Toluene 761.5 758.0 3.5
Ethylbenzene 854.9 854.4 0.5
Ethoxyethylacetate 878.4 878.0 0.4
Isopropylbenzene 919.4 919.2 0.2
1,3,5-Trimethylbenzene 963.7 963.6 0.1
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Table 3.21 Storage of Aromatic Compounds on Tenax for 22 Days,
_3
Peak Area Counts x 10 at FID Attenuation x 1.
benz tol ethylbz m-xyl o-xyl
Area s 100% recovery 106.4 105.7 98.06 104.8 106.4
Aluminium caps 99.16 98.45 90.92 96.65 97.39
100.7 102.8 94.55 101.4 101.2
101.6 100.9 94.11 99.72 100.7
104.9 105.8 98.76 104.7 105.9
99.05 99.00 91.95 97.50 97.95
Mean area 101.1 101.4 94.06 100.0 100.6
Standard deviation 2.4 3.0 3.0 3.2 3.4
Mean recovery % 95.0 95.9 95.9 95.4 94.7
Swagelok caps 107.2 106.2 98.73 104.2 106.1
103.5 103.5 95.89 101.2 102.4
105.7 104.8 95.37 101.5 102.1
105.1 104.8 97.7 103.4 104.6
104.7 105.6 98.8 105.2 105.6
Mean area 105.2 105.0 97.30 103.1 104.2
Standard deviation 1.4 1.0 1.4 1.6 1.8
Mean recovery % 99.0 99.3 99.2 98.4 97.9
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Table 3.27 Uptake of ambient level hydrocarbons by sealed
Perkin-Elmer ATP tubes (119 days) - nanograms
Benzene Toluene Xylene C6 C7 C8
A. Viton (open) 46 110 53 186 <5 8
30 56 25 103 <5 <5
34 87 39 151 5 8
13 18 4 20 <5 <5
10 11 <4 7 <5 <5
B. Swagelok (open) 7
9
7
7
6
5
all other results <5 ng
C. Viton-bagged 34 578 428 4400 88 163
(mechanical 25 341 330 2180 41 108
seal) 24 274 153 897 25 53
34 523 408 4580 92 186
16 229 172 2540 42 76
100
Table 3.27 Uptake of ambient level hydrocarbons by sealed
Perkin-Elmer ATP tubes (119 days) in ng (cont.)
Benzene Toluene Xylene C6 C7 C8
D. Swagelok-bagged 8 6 <5 8 <5 <5
(mechanical <5 15 11 15 <5 <5
seal) 6 10 5 26 <5 <5
9 20 10 37 <5 <5
7 <5 <5 <5 <5 <5
E. Vi ton-bagged 15 96 401 741 13 31
(heat seal) 22 1705 4206 14500 256 429
14 259 937 4300 53 55
13 188 286 5250 40 31
12 169 116 2320 33 50
F. Swagelok-bagged 6 6 10 92 <5 <5
(heat seal) 7 5 9 69 <5 <5
5 5 10 78 <5 <5
5 9 12 205 <5 <5
4 14 16 387 <5 <5
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Table 3.28 Vapour Permeability of 1/4" Tube End-Caps (High Level)
-1 -1Type Benzene Uptake (pg ppm min )
Aluminium- 9.1, 14, 2.7, 81, 11
Viton O-Ring
Aluminium Swagelok- 0.09, 0.3, 0.3, 0.07, 0.005 
to specification 0.1, 0.15, 0.002, 0.003, 0.15
Aluminium Swagelok- 0.05, 0.75, 0.64, <0.001, 0.04
'hand' tight
Brass Swagelok- 0.001, 0.002, <0.001, <0.001,
to specification 0.008
Brass Swagelok- 0.03, 0.03, 0.03, 0.16, 0.3
crushed ferrules
Blanks 0.001, <0.001
Mean
23
0.11
0.3
0.002
0.11
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DISCUSSION
4.1. Retention Volumes and Enthalpies of Adsorption
The prediction of sorbent properties, such as distribution constants 
and heats of adsorption, from known solute or sorbent parameters is of 
long-standing interest in physical chemistry. Lately, the idea of 
rlike dissolves like' has been extended in a semi-empirical treatment 
in terms of solubility parameters, and several groups of workers have 
been involved in this development (Karger et.al., 1978, Abraham et.al., 
1982). The aim was to avoid the classical concepts of acidity and 
basicity, which imply proton transfer, and introduce proton sharing 
concepts, such as hydrogen bonding. Scales have been devised that 
represent the solvent hydrogen-bond donor acidity (a values) and 
solvent hydrogen-bond acceptor basicity (3 values). The solvent n 
values are measures of dipole-dipole or dipole-induced dipole 
solvation. Together n , a and 3 are known as solvatochromic parameters 
and can be correlated with solubilities in an equation of the form
log S = s*Jt* + h*s\. (4.1)
— — — r i
where is the Hildebrand solubility parameter, defined as the 
standard enthalpy of vapourisation per unit volume of solvent and. s and 
h are coefficients.
S2h = (flvH°-RT)/ V (4.2)
2
8 H represents, or is proportional to, the work required to form a 
cavity in the solvent. For non-polar solutes in aprotic solvents, this 
would represent the whole of the interaction, but for polar solutes 
dipole-dipole interaction terms are additionally required.
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If the predictive properties of relatively simple models like this are
examined critically for the estimation of V on polymeric sorbents, ity
must be said that they are sometimes not very accurate, although 
standards of accuracy vary somewhat according to the viewpoint of the 
user. For example, Pellizzari et.al. (1982) calculated a value for Vy
that was a third of the experimental value, based on solvatochromic 
parameters. This was thought to be reasonable agreement, considering 
the spread of experimental data from several authors. Some reasons for 
experimental errors in V are discussed more fully in section 4.4, but 
generally the agreement between experimental literature values of on 
Tenax is within +15% when one examines the data, and how it was 
obtained, more closely.
One explanation for poor prediction quality of V by solvatochromicy
parameters may lie in a poorly understood link between bulk and sorbed 
phase properties. While such solute properties as molar volume and 
vaporisation enthalpy will point to the general trend in sorption 
behaviour, the energetics of sorption at a surface depend on solubility 
parameters of both solute and sorbent and these interactions are not 
easily understood. One approach would be to use a series of solute 
probes containing both non-polar and hydrogen donor/acceptor functions 
and measure for each in order to estimate the solubility parameters 
of the sorbent that form a self-consistent set. This involves 
regression analysis of fairly comprehensive data sets, therefore the 
pre-cursor to that work would be the measurement of retention volumes 
for a variety of solutes.
Another difficulty in predicting adsorption behaviour of porous 
polymers in particular is that the 'surface' cannot easily be defined. 
The specific surface areas of polyaromatic sorbents, as determined by
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the BET method, apparently vary according to the nature of the solute 
and this variation does not correlate with molecular cross-section of 
some common organic vapours (Colenutt and Ara, 1985). What is being 
demonstrated here is that the BET method, although giving some 
information about sorption on polymers, is not suitable for surface 
area measurements when there is dissolution of solute in the sorbent.
It is recognised that the term 'dissolution' here is loosely defined.
It could be equivalent to the concept of the micropore, but the state 
of the polymer bulk not initially accessible to sorbed vapours is not 
as well understood as the state of carbon surfaces.
From tabulations of and -Aa(jsH (Tables 3.3 to 3.8) one can make 
certain general observations about solute-sorbent interactions. First, 
log Vg and are highly correlated for each sorbent (Figure 3.3).
The homologous series of n-alkanes show an additive relationship 
between -Aa^gH and carbon number which has been discussed before in 
early work on porous polymers (Zado and Fabecic, 1970). Most other 
non-polar solutes lie close to the correlation line between log and 
-Aa£gH, with the exception of some alcohols on Chromosorb 106, where 
adsorption enthalpies are increased, perhaps because of 
hydrogen-bonding effects. Second, the slopes of the lines are 
significantly different from each other. For a given value of V , the 
magnitude of ~^acjsH follows the order Tenax > Chromosorb 106 > 
Spherocarb. One explanation is that Aa^gH values on carbon surfaces 
represent mostly van der Waal interactions, at least at infinite 
dilution. As one moves to Chromosorb 106 and Tenax, increasingly we 
are observing intra-particle sorption or dissolution. The magnitude of 
this effect indicates that dissolution is not a very useful term, since 
it implies a liquid state. It is probably more accurate to say that
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the solute is constrained within micropore structures.
Mechanisms of sorption are of great interest for materials like the 
polyimides, because the mixed functionality of aromatic, nitrogen or 
sulphur centres would give a set of selectivities for a range of 
solutes which would be different to our experience with other 
polyaromatic sorbents referred to above.
4.2 Thermal Evaluation of Polyimides
Polyimide samples obtained elsewhere (PI-136, PI-149, PI-3, PI-164 and 
PI-167) or synthesised in this work (PI-2) have been examined both from 
the point of view of suitability for sampling volatile organic vapours 
and for thermal desorption. Values of found for benzene on PI-3 
were comparable (within + 30%) of the value reported by Pellizzari 
et.al (1982) for the same material (designated PI-159). This agreement 
is reasonable, considering that the extrapolations were based on a 
simpler procedure using an analytical column and peak retention times 
rather than peak centroids.
PI-2, synthesised in this work, was different to PI-3 in many respects,
although both were prepared from similar starting materials and the
reaction conditions were believed to be the same. First, the retention
of small molecules, such as ethanol, benzene and n-heptane, was very
low. V for benzene at 20°C was measured at 0.48 1 g-\  compared with 
-1
1900 1 g on PI-3. From the slope of the van't Hoff plot a value for 
the heat of adsorption was obtained (-35 kJ mol ) which was smaller 
than the heat of vapourisation of benzene (43 kJ mol-'*'). Clearly the 
interaction of benzene with the 'surface' of PI-2 is of a very weak 
nature and the measured heat of adsorption was subject to large errors.
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The low interaction energies manifested by PI-2 were confirmed by the
calorimetric study of ethanol adsorption and desorption profiles. The
equilibrium uptake of ethanol at 25°C by PI-2 was small when expressed
as a percentage of the sample weight (1.4%). This was equivalent to
310 //mol per gram of sorbent or a specific heat of adsorption of
24 J g-'*'. For comparison, the value measured by calorimetry for PI-3
-1was equivalent to 186 J g . We have to assume that the stoichiometry
of the two products was the same and that the interaction energy per
site is about the same. The specific surface area was measured by
2 -1Pellizzari et.al., who found it to be 140-190 m g , and it follows
from this estimate that the specific surface area of PI-2 is extremely 
2 —1low at about 20 m g . Both PI-2 and PI-3 were purified rigourously 
in the same way by ether extraction to remove monomers. Low molecular 
weight, caused by impurities in the starting materials, could be a 
factor, or it could be a result of the particular precipitation 
conditions. The poly(amic)acid intermediate of PI-2 did not 
precipitate as a hard aggregate to be ground into the appropriate size 
fraction, but as fine dust, which has been said to be characteristic of 
a low molecular weight product (Dine-Hart and Wright, 1967). Further 
work would be needed to discover the critical point in the synthesis.
From the analytical point of view, the stability of the polymer when 
heated and the retention volume of solutes at high temperature are both 
important. With reference to the stability of the polyimides, the 
findings here differ from those of previous workers. Despite the 
purification by solvent extraction the artefacts produced by thermal 
desorption would constitute a significant interference in trace 
analysis. Thermal cleaning, such as that routinely employed with
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Tenax TA, was not very effective at removing the volatile products.
Polyimides have exceptional properties in maintaining film strength at 
400°C. Some polyimides can tolerate losses up to 5% in weight and 
still maintain mechanical strength, but that may have little relevance 
to their thermal performance as sorbents, because the thermal 
desorption technique is outstanding at detecting microgram amounts of 
volatile hydrocarbons emitted by the polymer.
4.3. Validity of Extrapolation of Retention Volume
Retention volume (V.J calculated by extrapolation can be compared with
XV
V„ measured directly in a steady-state breakthrough experiment. This isX\
a time consuming procedure which requires a test atmosphere to be 
generated for several hours, but some studies show that for very strong 
sorbents, which also happen to be hydrophilic, VR measured by the two 
methods correlates very poorly (Bertoni et.al., 1989). Adsorbed water 
on carbons is also known to influence the breakthrough volume to some 
extent. However, in the context of air sampling, there is usually a 
sufficient safety margin in the case of strong sorbents. Therefore the 
unreliability of extrapolation is not usually a significant issue for 
carbons.
For hydrophobic porous polymers, such as Tenax, there is sufficient 
evidence from the work of Brown and Purnell (1979), Pellizari et.al.
(1982), Van der Straeten et.al. (1985) and Vejrosta et.al. (1981) that 
extrapolation is valid. The differences reported by various authors 
for the specific retention volume of benzene on Tenax (40-80 1 g ), 
for example, could be due to uncertainty in the measurement of small 
temperature intervals, volumetric flow, inappropriate gas
108
compressibility corrections or sample size effects. It could be argued 
that such a range of reported values is not very significant, provided 
that air sampling volumes are kept well below the smallest value. 
Nevertheless, precautions were taken in the present work to reduce 
errors to the minimum and it is believed that the procedure fulfils 
thermodynamic criteria more rigorously than some previous studies. For 
van't Hoff type plots, it has been common practice to use analytical GC 
columns, sometimes as long as 2m, coupled to an FID in a commercial gas 
chromatograph. What is not clear from some prior published methods is 
to what extent back-pressure and temperature measurement errors have 
contributed to errors in previous work. Some workers have not been 
explicit about how these measurements were made.
An advantage of working with short cartridge columns is that other peak 
parameters, such as the number of theoretical plates and the 1% and 99% 
elution points, also available by the same extrapolation technique, are 
directly applicable to real sampling at low concentrations, without 
necessarily resorting to the approximation /VR = (1 - 2//N)
(Raymond and Guiochon, 1975). Moreover, the analysis of the cartridge 
by thermal desorption could be simulated. This is not directly 
relevant to sampling parameters, but it yielded quantitative 
information about the effect of pressure and temperature on elution 
volumes or, more strictly, elution times, which could not be obtained 
in any other way. The analyst may wish to know the optimum temperature 
and flow conditions to effect desorption in a reasonable time. 
Therefore, tables 3.3 to 3.8 include the temperature required to desorb 
99% of the solute in a standard volume of 50 ml at ambient pressure 
(101 kPa absolute). To make use of this desorption temperature, the 
desorption pressure must be known; normally it will be fractionally
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above the analytical column inlet pressure. For example, if the inlet 
gauge pressure was 300 kPa (not unusual for long narrow-bore capillary 
columns) or 400 kPa absolute, then the desorption volume measured at 
ambient pressure should be larger by the ratio 400/100. Table 3.11 
shows the effect of pressure on elution volumes of benzene, iso-butanol 
and tert-butanol on Tenax with nitrogen carrier gas. The elution 
volumes were all corrected to ambient pressure and show that ideal gas 
behaviour is not quite observed, but the discrepancy amounts to only 5% 
for benzene and iso-butanol over 0-300 kPa gauge pressure. The 
retention volumes of iso-butanol on Tenax using both nitrogen and 
helium carrier gas were found to be only 0.3% different at ambient 
pressure. The respective heights of a theoretical plate (H ) were also
r
very close, as might be expected from a comparatively large bore column 
operating in the minimum plate height region. Non-ideal behaviour for 
the tert-butanol -Tenax and 1,1,1-trichloroethane -Tenax systems was 
more noteworthy. The difference in corrected retention volume was 15% 
over the same pressure range. Also seemed unusually sensitive to 
pressure, as evidenced by relatively large changes in V^ o. and V99% 
relative to VR (Figure 3.7). These anomalies are discussed further in 
section 4.5.
4.4. Errors in Retention Volume and Enthalpy of Adsorption
Control of sample size is more critical in GSC than GLC. 'Infinite' 
dilution studies need less than 1 //g of material. This is evident in 
the plot of retention time of n-octane on Tenax as a function of sample 
size from 0.7-45 /wg (Figure 3.6). The effect is typical in GSC and is 
a consequence of the Type I isotherm in the BET classification (concave 
to the pressure axis). The leading edge of the peak is self-sharpening
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and as sample size increases it tends toward the vertical. The 
trailing edge becomes diffuse. The result is to skew the peak 
backwards and reduce retention time and therefore reduce the measured 
V^. In GLC, where isotherms are usually Type III in the BET 
classification, the reverse is true. Overloaded peaks have sharp 
trailing edges, resulting in retardation of retention times.
If gas is flowing in a column there is, by definition, a pressure 
gradient in that column. The velocity of the peak profile is a 
function of the velocity of the carrier gas, which is reduced at 
elevated pressure. It follows that elution volumes, if not corrected 
for gas compressibility, will be larger than expected. The 
comressibility factor has been evaluated by James and Martin (1952) who 
deduced that V_. should be multiplied by a factor j whereX\
3
j = -
(W 2 -1 
( P i / p p s  - 1  J
(4.3)
and Pj/P0 is the pressure ratio at column inlet and outlet 
respectively. In this work Pj/PQ was usually less than 1.01 
( j = 0.995 ) and the gas compressibility correction was not 
significant when compared to the other sources of error.
Retention times reported for conventional analytical GC peaks by the 
HP3357 data system under ideal conditions have a standard deviation 
(s.d.) of + 0.1 s. The s.d. of peak centroids calculated by the 
program MOMENT were normally a little larger at + 0.3 s because of 
uncertainty in the assignment of baselines of broad peaks and possible 
variation in the injection profile. It has been established in work on 
reproducibility of retention times in capillary GC that there is no
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significant variation in the way that the HP3357 data system 
time-slices chromatograms for a series of runs. Toluene was injected 
simultaneously on two capillary columns of different polarity. The 
s.d. of the interval between the elution of toluene at the two 
detectors was only + 0.01 s (Wright, 1987). Hence the observed s.d. of 
+ 0.3 s in the present work is not an artefact of the data system, but 
random error introduced by variations of gas flow, temperature or 
sample inlet profile.
The benzene-Tenax TA system at infinite dilution was evaluated in this 
work as a test of experimental technique and as a control, since 
previous workers used Tenax GC. According to the manufacturer, Tenax 
TA and GC are synthesised identically, but Tenax TA has been subjected 
to more rigourous thermal cleaning. Specific retention volumes have 
been calculated for Tenax GC by Janak et. al. (1974), Butler and Burke 
(1976), Brown and Purnell (1979) and Vejrosta et.al. (1981) by 
extrapolation of In VR versus 1/T plots. Van der Straeten et.al.
(1985) generated low concentrations of benzene and measured 
breakthrough directly by frontal chromatography. A summary of the 
calculated literature values of is given in Table 3.13. A value of 
68 + 2 1 g was obtained in this work. Being a direct measure of 
retention or breakthrough volume the 68 1 g obtained by Van der 
Straeten et.al. might be considered the reference value in Table 3.13, 
however, the large error limits (s.d. +9 1 g ) illustrate the 
experimental difficulties, even with a direct method. The cause of the 
random error is not clear from their description; it may be the 
uncertainty in measuring baseline and plateau signals at low
concentrations (0.25-lppm benzene). The flow to the detector was
-1 -11.3 ml s , therefore the mass flow of benzene was at most 1-4 ng s
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when FID sensitivity is typically 0.01 ng s . The noise level would 
be just acceptable, but baseline drift could cause the errors alluded 
to. A cause of bias not mentioned by Van der Straeten et.al. is 
non-ideal frontal chromatography due to a small number of theoretical 
plates. The elution volume of the 50% signal is only equivalent to VR 
if the profile is Gaussian. If the profile is skewed towards the 
origin (noticeable in the pulse response) there will be a (usually 
small) negative bias in V„ if the 50% point is used. Corrections ofX\
this type require stored area slice data and a computer. Van der
Straeten et.al. used electronic signal integration, but apparently were
unable to store the signal for later processing. They compared their
estimated error in V^ with the range of extrapolations in the
literature (Table 3.13). The lowest value is almost certainly a
graphical miscalculation by Janak et.al., caused by too much reliance
on VR at higher temperatures. The fitted points of Butler and Burke do
not have high correlation and they made no gas compressibility
correction. The later values are in better agreement to within about
+5 1 g . Table 3.12 summarises the raw data from this work in the
estimation of V , V_., V10 and VQQ0 for benzene over the temperatureg a X'o yy-5
range 60-100°C.
Van't Hoff-type extrapolations of elution points other than the 
retention time have not been reported before. The slopes of log plots 
of V^ o. and Vgg<j. against 1/T converge slightly because column efficiency 
is a function of temperature. The correlations for the points from 
1-99% elution were all very similar (r > 0.9995) unless peak tailing 
was severe, in which case elution points well into the trailing edge 
could be obscured by detector noise.
113
For Spherocarb and activated charcoal the results of the extrapolations
are less meaningful. For example, infinite dilution work at 200-300°C
invariably gave very high values of for hydrocarbons.
6 —1
V (benzene) was 3.5 x 10 1 g on Spherocarb. An extremely small
sample load at ambient temperature is required for this to be a
realistic estimate. Assuming that the specific surface area was 1000 
2 —1m g , the fractional coverage was less than 0.01 and the average 
molecular area of benzene is 0.4nm, it can be calculated that the air
_3
concentration could be no more than 0.3 //g m for a 300 mg sampling
cartridge (0.1 ppb). Extrapolation was compared with the direct method
for Carbopak B by Bertoni et.al. (1981). They found that for volatile
organic compounds such as dichloromethane, chloroform, butane and
pentane there was little difference in V at lppm. For heptane the
y
extrapolation method at infinite dilution overestimated the 
breakthrough volume 70-fold at lppm and 200-fold at lOOppm. From the 
analytical viewpoint, thermal decomposition on both Spherocarb and 
activated charcoal was more worrying. Methyl acetate could not be 
chromatographed at 220°C on Spherocarb. Likewise, acetone decomposed 
completely at 280°C.
95% confidence limits of error in ^a(jsH (Tables 3.3 to 3.8) were 
usually about + 2 kj mol , unless there was some thermal decomposition 
on the cartridge, in which case the limits of error could be as much as 
+ 10 kJ mol . When comparing the heats of adsorption of ethanol on 
the synthesised polyimide PI-2 determined both from calorimetry and a 
van't Hoff plot, the results were not conclusive. PI-2 calorimetry 
gave a value initially calculated as -77 kJ mol compared with 
-56 kJ mol from the van't Hoff plot. The calorimeter value was 
subject to large errors because of the small weight gain and heat
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output of the sample. The calorimeter result for PI-3 (-62 kJ3mol ) 
is a closer match, but again the comparison is not a good one because 
the materials have been shown to be different by TG-DSC.
When comparing published calorimetric values of f°r ethanol on
the activated charcoal Filtrasorb 400 ( -62 kj mol ; Dasopoulos, 1986) 
with a corresponding value from the slope of a van't Hoff plot in this 
work, the results were inconclusive. The value obtained was -50 
kJ mol-^ at 100-120°C. Thermal decomposition of ethanol on the 
charcoal was a factor which introduced a significant error at the 
temperatures required for the GC method. The poor correlation 
coefficients of V-, 0 and VQQO elution points showed that some
.L'6
decomposition was still taking place at 100° and the results must be 
treated with caution. Because the peak width was extending over 60 
minutes, 100°C was about the lowest temperature that could be used for 
this type of determination at 'infinite' dilution. The agreement 
between calorimetry and GSC is then not very satisfactory here, but it 
is reasonable, given the errors inherent in measurement of peak shapes 
where decomposition occurs.
4.5 Non-Ideal Chromatography on Sorbents
Non-ideal chromatography is significant in short sampling cartridges. 
The effect is to reduce the breakthrough volume below the value 
predicted from a simple consideration of V_ and the height of a. x\
theoretical plate and this could lead to error in an analytical method 
if 100% sampling efficiency had been assumed. Chromatographically, 
what is observed is a broad peak skewed towards the origin. The 
greater the non-ideality the more extreme is the skew, until the
115
breakthrough volume is a small proportion of the thermodynamic
retention volume V^. Non-ideal behaviour might be observed at very £\
high flow-rates or with slow sorption kinetics and some extreme cases 
have been observed. The anomalous behaviour of tert-butanol on Tenax, 
for example, was reported by Butler and Burke. They found that 
tert-butanol tailed badly on Tenax, Chromosorb 101 and Porapak P and 
that the breakthrough volume was relatively small on Tenax (Butler and 
Burke, 1976). Because of poor correlation in their plot of log VR v. 
1/T, they ascribed this behaviour to a non-linear isotherm. One could 
have doubts, however, about their experimental technique, since they 
claimed 0.997 correlation was acceptable. This is not a high figure 
considering the precision possible in time and temperature 
measurements. Tanaka evaluated the linearity of log VR v. 1/T plots 
for some chlorinated hydrocarbons on Tenax, Porapak Q, Chromosorbs 
101,102 and 103. (Tanaka, 1978) and found some deviation at low 
temperature, in particular for 1,1,1-trichloroethane (1,1,1-TCE) and 
carbon tetrachloride on Tenax. Tanaka did not speculate about the 
reasons for the deviation, but because he achieved good linearity for 
chloroform on Tenax, his experimental technique was presumably sound.
In the present work it was noted that there were large differences 
between column efficiencies estimated (at 20°C and 50 cnf* min- )^ from 
the approximation V1G / V-, = (1- 2//N) for different classes of
J .'o K
compounds on Tenax. Similar discrepancies were not seen on Chromosorb 
106. Approximate HETP values on Tenax (50 x 5mm sorbent bed) were, for 
C^-C ^ 2  alkanes, 5-6mm, benzene, 2mm and methoxypropanol, 1mm. By 
comparison, HETP values of most compounds estimated on Chromosorb 106 
were in the range 2.4-2.8mm (60 x 5mm). The column efficiency observed 
for 1,1,1-TCE, tert-butanol and tert-butyl acetate on Tenax was so low
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that the 1- 2//N approximation was meaningless. However, the 
efficiency was computable by the method of statistical moments, 
provided that the whole peak was integrated, including the considerable 
tailing section. It would appear that the extremes of non-ideality or 
non-linearity are not appreciated when a long column is used for the 
extrapolation, being masked by higher temperatures and pressures than 
those actually used in air sampling.
Factors affecting peak shape in chromatography, other than axial 
diffusion, are often lumped together under the term 'resistance to mass 
transfer'. There is a simple a priori proof to show that resistance to 
mass transfer cannot, of itself, alter the mean residence time or peak 
centroid in linear non-ideal chromatography. Consider the relationship 
of a constant flux of solute reaching the column inlet compared with a 
sharp pulse of solute. If the isotherm is linear, the concentration 
profile of the observed breakthrough curve at the detector must be 
equivalent to the summation of a series of pulses separated by a small 
time interval At. At the limit At 0 the breakthrough curve must be
the integral of the pulse response. Let M moles of solute be adsorbed 
on the column in the steady state. If the inlet flux is m moles s 
then the mean residence time of the solute is M/m seconds.
Steady-state retention must be independent of all rate constants, 
therefore the mean residence time of an injected pulse, derived from 
the steady state, is similarly independent of all rate constants.
To determine whether non-linearity or non-ideality (resistance to mass 
transfer) was causing the poor efficiency, the retention volume (peak 
centre of mass or centroid) was measured for trichloromethane at 81°C 
and 1,1,1-trichloroethane at 121°C over a range of flowrates. Values 
of VR which varied significantly with flow-rate would indicate a
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non-linear isotherm. Trichloromethane gave good peak shapes on Tenax
and it could be demonstrated that retention volume did not vary
3 -1significantly over 12-66 cm min (Table 3.9). Because of the 
variation in with flowrate, however, a simple observation of VR from 
the peak maximum in previous reports may have led to erroneous 
conclusions. The measurement of V„ as a function of flowrate forI\
1,1,1-TCE was more difficult and caused slope detection parameters of
the numerical integration program to be modified. The experiment was
carried out at a fairly high temperature (121°C) because, for example,
at 60°C the signal did not return to baseline for at least 100 mins at 
3 —150 cm min carrier flow. Bearing in mind the lack of precision in
measuring VN at short retention times, no significant variation was
3 -1observed in the range 9-50 cm min and the non-linear isotherm 
conjecture was rejected (Table 3.10). We are left with the possibility 
of non-ideality due to mass-transfer resistance of an unusual 
magnitude.
The effects seem to be connected with discrepancies in the ratios of Vy
for a series of solutes on different sorbents. In attempting to
explain this, we could envisage for simplicity that there are two types
of adsorption site; first there is the macropore volume and its surface
and, second, there are the micropores slightly larger than molecular
dimensions. It is recognised that the nomenclature of pores has been
agreed in a IUPAC definition (Juntgen, 1977), in which macropores are >
50nm and micropores 0.8 - 2nm in diameter, with mesopores of
intermediate size. The specific surface area of Tenax is as low as 
2 -130 m g according to some measurements believed to be by the BET ^  
method (Pellizzari et.al., 1982). This is lower than the specific 
surface area of Chromosorb 106 by a factor of 12-15 (manufacturer
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value, also believed to be BET ^  method) and corresponds approximately
to the respective ratios of for the n-alkanes on the two sorbents.
For benzene on the other hand the ratio of V (Chromosorb 106) to
y
V (Tenax) is less than 3. Clearly there needs to be more than one 
mechanism at work to explain the relative sorption of n-alkanes and 
benzene on Tenax or Chromosorb 106, because the low ratio for benzene 
is not explained by the apparent surface area difference between the 
two sorbents. Sorption of benzene could be likened to a solution 
process in which the rate constants of the partition are important in 
determining the peak shape in GSC. Tenax is a polyaromatic material 
with sterically hindered oxygen bridges and it is not surprising that 
the solubility parameters of Tenax favour this bulk sorption and 
desorption of benzene.
Steric factors may be the reason for slow sorption of
1,1,1-trichloroethane (1,1,1-TCE) in a process akin to molecular
sieving. There was evidence from chromatographic peak shapes on short
Tenax columns that tert-butanol and tert-butyl acetate also showed the
effect. Attempts to correlate parameters such as polarisability and
dipole moment with this aspect of sorption behaviour are not
conclusive. Benzene and 1,1,1-TCE have about the same polarisability 
-24 3(a = 10.7 x 10 cm ). Iso-butanol, with 'normal' chromatographic 
behaviour on Tenax, has a dipole moment of 1.64, which is not 
dissimilar to the value of 1.78 for 1,1,1-TCE. Moreover, non-linear 
plots of In V_ against 1/T for zero dipole moment carbon tetrachlorideK,
on Tenax were reported by Tanaka (1978). Furthermore, Maier and Fieber
(1988) found that the symmetric 2,3-dimethylbutane exhibited the 
'abnormal' behaviour on Tenax, whereas 2,2-dimethylbutane did not. 
Nearly all the molecules with 'abnormal' behaviour on Tenax contain
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bulky trichloro-, tetrachloro- or trimethyl- functional groups which 
would make transfer in and out of micropores a relatively difficult 
energy process. The same is true of molecules which are larger 
overall, but since the temperatures required to elute large molecules 
are higher, micropore diffusion is not rate-limiting and the 
distorting effect on chromatographic peak shape is obscured.
The question of pressure effects on peak shape or the height of a
theoretical plate (H ) for short sampling columns can now be examined.
P
It is not proposed that this is a real variable in normal air
sampling, but the effect of pressure on chromatography in a short
column reveals large differences between solute-sorbent interactions.
Consider the classical Van Deemter plot of H as a function of linear
P
carrier gas velocity. At low velocities H is large because axial
r
diffusion is the major dispersive force. As gas velocities are 
increased, axial diffusion becomes less important because there is less 
time for it to occur. The reduction in is eventually 
counterbalanced by increasing mass transfer resistance, giving the 
familiar parabolic shape as increases indefinitely. For a system 
like 1,1,1-TCE on Tenax this is what would be observed at high 
temperature and in a long column, for example in analytical gas 
chromatography. At lower temperatures the mass transfer resistance is 
very large, because of kinetic factors. To carry out the Van Deemter 
plot experiment for 1,1,1-TCE on Tenax for a short column would be 
difficult at ambient temperature. If could be measured we would 
probably find that no minimum was detectable, or at least it was 
shifted to such low flows that no dynamic experiment was feasible. A 
special case of this situation was described by Hapgood and Mcdonald 
(1970) who were estimating the limits of V^ and intracrystalline
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diffusivity which would make elution chromatography of alkanes on 
zeolites impossible. Increasing the overall pressure in a retention 
volume experiment whilst holding the mass flow and temperature constant 
is, in a sense, equivalent to carrying out a Van Deemter plot 
experiment, because the linear velocity of the carrier gas is changing. 
At high pressure and low carrier gas velocity, axial diffusion effects 
are more important in deciding peak shape than sorption kinetics.
It is apparent from the experiments reported in Table 3.11 that 
sensitivity of N or to pressure, at constant mass flow and 
temperature, was a symptom of slow sorption kinetics. V^-, Vggg. and N 
for Benzene on Tenax were little affected by a fourfold increase in 
retention time as the pressure was raised from about 100 kPa to 370 kPa 
absolute. At the other extreme, tert-butanol and 1,1,1-TCE show 
relatively large changes in and Vggg. as more time is available for 
sorption and desorption at the higher pressures. Further confirmation 
that kinetics of mass transfer contribute little to the elution peak 
shapes of benzene on Tenax is found in Table 3.11 where precise values 
of N are reported as function of temperature at constant pressure and 
flow. The maximum variation in N was no more than +5% over the range 
60-100°C. In contrast, tert-butanol and 1,1,1-TCE peak shapes varied 
markedly over this temperature range. With respect to the anomalies in 
van't Hoff plots for these solutes on Tenax, it seems reasonable to 
suggest that the poor correlation reported by Butler and Burke and the 
non-linearity reported by Tanaka were caused by a reliance on the peak 
maximum to determine retention volume. The peak maximum, calculated by 
most electronic integrators, has no particular thermodynamic 
significance, unless it concides with the peak centroid in a 
symmetrical peak.
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4.6 Humidity Effects
Although the measurement of in this work was carried out at
near-zero humidity, it is pertinent at this point to consider the
effect of water on the retention of volatile organic compounds (VOCs)
on any sorbent. It is known that humidity has little effect on the
retention of VOCs on, for example, Tenax (Brown and Purnell, 1979).
Tenax is said to be hydrophobic because of its polyaromatic nature,
however, that is not a sufficient explanation, because the Chromosorb
Century polymers must also be considered hydrophobic and here humidity
has a significant effect on breakthrough volumes. Andersson et.al
(1984) found significant humidity effects for VOCs on Amberlite XAD-2,
which is a styrene-divinylbenzene co-polymer similar to Chromosorb 102.
Retention changes due to humidity must reflect interaction between
water and VOCs in the same 'phase'. Chromosorb 106 has the relatively
2 -1high specific surface area of 700-800 m g (BET ^  value). Surface 
area contributions to V^ are more important than for Tenax, therefore 
interaction, between sorbed water and the VOC, contributing 
significantly to V , can readily occur at the surface. Any interaction 
within the bulk of the polymer is not as important. For Tenax, 
interaction can equally occur at the surface but its overall 
contribution to V is smaller, because specific surface area is 
smaller. The solubility of water in the bulk phase is small for both 
Tenax or Chromosorb 106 but it would be interesting to examine a 
hydrogen-bonding porous polymer with moderately high specific surface 
area, such as Porapak N (polyacrylonitrile-divinylbenzene), for 
humidity effects. With reference to polyimides, Raymer et.al. (1988)
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have reported that the retention volume of 2-butanone was reduced by up
to 40% at high humidity on bis(4-aminophenyl)sulphone polyimide. The
surface area of this polyimide, designated as PI-159 and identical to
2 -1PI-3 in this work, was said to be 140-160 m g (Pellizzari et.al., 
1982)
4.7 Computer Simulation of Non-Ideal Behaviour
The chromatographic profile equations 1.4 and 1.9 in terms of the 
variables v (elution volume) and N (number of theoretical plates) 
depend on a physical model for their respective derivations. It is 
possible to examine functions like this by the numerical method of 
statistical moments, which assumes no particular physical model and can 
discriminate between profiles. Computer programs SKEW2 and SKEW3 were 
used to generate files of the dependent variable c (amplitude or 
concentration) as a function of v at various values of N. VR is not a 
variable; it was given the standard value of 1. Examples of these 
theoretical plots are given in figures 1.1 and 1.2. With the same data 
files the functions were processed by the numerical integration program 
MOMENT in a reverse calculation. The results of MOMENT for m^ and it^  
(section 1.3.6) enable back-calculation of V„ and N which may or mayK.
not agree with the values used to first generate the functions.
It is interesting to note that the theoretical profiles generated by 
very small values of N ( N <5) in the equation 1.9 according to 
Underhill (1985) are still consistent with the reverse process of peak 
characterisation by statistical moments (Figure 1.2). For equation 1.4 
(Glueckauf, 1955), however, values of N and V_, recovered by this methodI\
are significantly different from the input values when N is small.
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This appears to be because of simplifying assumptions made to restrict 
the number of higher order terms in its derivation. The situation 
described by equation 1.13, on the other hand, is that of a peak 
centroid or mean residence time unaffected by column efficiency down to 
theoretical plate numbers as low as 0.5. This consistency is because 
the solution is exact with no restriction on the lower limits of N.
Provided that digital data recording is used, analysis by statistical
moments is more precise than characterising peaks by geometric
constructions such as peak width and points of inflexion. Also the
results are meaningful for highly skewed peaks which are difficult to
evaluate by geometric methods (McNair and Cook, 1972). In principle,
the third and fourth moments give information about the degree of
horizontal skewing and peak sharpness or flattening (kurtosis) from
which diffusion parameters can be calculated. In practice, these
higher order moments are very sensitive to the assignment of
integration start and stop times and also to signal noise. The
propagation of errors in statistical moments was reviewed by Eikens and
Carr (1989). Eikens and Carr found that taking higher moments
symmetrically around the centroid gave the best precision. This result
was confirmed by measurements on computer generated data points. With
extreme asymmetry produced by very short columns (a problem not
2
addressed by Eikens and Carr) the measurement of <j is problematic. As
can be seen in Figure 3.8 the centroid (m^ on the figure) of an
experimental 1,1,1-TCE peak on Tenax (36°C) is at 12.9 mins whilst the
peak maximum is at 1.1 mins. If moments were taken symmetrically
2around m^ in such a case, then the results for overall a were 
spurious. This is not surprising when one considers that a substantial 
portion of the profile extending up to 100 minutes will be omitted.
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What is noteworthy is that if the complete profile is included in a 
2
calculation of a then the resulting experimental value of N in this
case is 0.594. In other words, according to the plate model,
equilibrium is not attained within the sampling cartridge during the
elution of the peak. The corollary would be that a proportion of
1,1,1-TCE was passing through the sorbent bed without once being
adsorbed. The theory is not quite in accord with the facts here,
because no solute actually elutes with the dead-volume. However, if
2one uses the experimental value of N calculated from a (N = 0.594) as 
an input variable in equation 1.9, the profile obtained is in good 
agreement with the experimental profile. The centroid of the generated 
curve is at 14.9 minutes, which is also good agreement, considering the 
sensitivity of m^ to baseline drift and noise in real chromatography. 
With appropriate scaling the qualitative fit is a good one (Figure 3.8, 
dotted line) and the skew ratios are remarkably close (Table 3.14), 
bearing in mind that this is a single parameter model.
4.8 Computer Simulation of a Frontalogram
Calibration in thermal desorption can be a problem in trace 
environmental analysis of volatile organic compounds. The absolute 
quantity of sub 1/yg amounts must be known. A calibrated syringe and 
carrier solvent may be used, but preferably the solvent must be 
volatile and capable of being purged or separated from the analyte with 
a flow of gas. A clean thermal desorption tube can be spiked with the 
required amount and used as a standard, or calibration may be direct 
cold on-column injection into the GC inlet port. If the first method 
is chosen, and this is more realistic since no inlet splitting for 
capillary columns is possible in the second, calibration depends on the
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sorption capacity of the tube packing for the solute and its solvent.
It was found that the amounts of 1,1,1-TCE on the tubes loaded by a 
laboratory under contract to the Community Bureau of Reference (BCR) 
were 0.474 + 0.004 yt/g (n=5); this did not agree with the target value 
calculated by the contract laboratory (0.826//g) based on a mass balance 
of permeation tube weight loss and carefully calibrated flow systems. 
The situation contrasted markedly with the certification of benzene, 
toluene and m-xylene on Tenax, where the means of 10 participating 
laboratories were in excellent agreement with the target values. The 
biases of the means were 0.1-0.4% from the target (=d//g per component) 
and the maximum uncertainty was + 1.5% (Vandendriessche and Griepink). 
The author was a participant in that certification also, and achieved 
results within 0.8% of the consensus mean for all three components. 
Since the same calibration method principle was used in the 
chloroalkane certification, it is proposed that 1,1,1-TCE was lost from 
the tubes charged by the contract laboratory, just as it was lost here 
in attempts to prepare calibration standards on Tenax.
Having established that 1,1,1-TCE could not be loaded on Tenax 
quantitatively with the same precision as some other solutes, it was 
decided to calculate the sample loss that would have occurred in the 
tube loading procedure of the contract laboratory, that is, 1.0 litre 
of dynamically generated test atmosphere containing about 0.8jug of each 
component sampled over 20 minutes. The direct experimental method 
would have been to set up a similar test atmosphere and monitor the 
tube effluent. For the whole profile this would require a minimum 
detection limit of 3 pg s (cf. typical FID detection limit,
_I
5-10 pg s ). Alternatively, two sorbent tubes could be fitted in line 
and both analysed. This was the method chosen by TNO (de Leer, 1989),
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although there is still a problem in estimating the loss, because Tenax 
was the back-up sorbent; Chromosorb 106 might have been a better choice 
since breakthrough would have occurred on the second tube in less than 
5 minutes. However, trichloroethene and tetrachloroethene were sorbed 
quantitatively and either could be used as internal standards. The 
data of obtained from the contract laboratory (de Leer, 1989) was 
recalculated to take account of the trichloroethene internal standard. 
Temperature-corrected data points of the fraction 1,1,1-TCE adsorbed on 
Tenax at sampling volumes of 0.25 - 1.0 litres were plotted on the 
'theoretical' curve derived from integration of the chromatographic 
pulse response at 36°C (Figure 3.9).
The summation of the pulse response curves can be represented 
symbolically as an array in which time has moved on by At in each row. 
Assuming for practical reasons that the number of time elements is 
limited to 255, the array is
al a2 a3 - * * a255
0 al a2 * * • a254
0 0 al * * * a253
0 0 0 . . . a^
A1 A2 A3 * * ' ^ 5 5
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but it can be seen from the array that
A^ = a^
A2 = A1+ a2 
A3 = A2+ a3
A255" *254+ a255
Thus the breakthrough curve comprises the area slices to ^55' 
evidently represents the process of numerical integration.
The fit of the experimental points for adsorption of 1,1,1-TCE on Tenax 
in Figure 3.9 is reasonable, considering that the chromatographic peak 
data used to generate the hypothetical breakthrough curve has been 
extrapolated from 36°C to 20° and the measurements were made by two 
independent experimenters. Breakthrough is slightly greater than 
predicted. The bias could be explained by increased mass transfer 
resistance at the lower temperature effectively decreasing the 
cartridge efficiency still further.
4.9 Non-Linear Effects in Diffusive Sampling
The previous discussion referred to aspects of dynamic or pumped 
sampling. Sorption and mass transfer parameters are important in 
diffusive sampling also and lead ultimately to a prediction of uptake 
rates, but this should be preceeded by a discussion of some other 
parameters which affect the rate at which sorbate reaches the sorbent 
surface inside the sampler.
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It is reasonable that the simple diffusive sampler model presented as 
the ideal case in equation A2.2 (Fick's first law) is a valid 
description of some single sorbate-sorbent pairs. Given a well-chosen 
geometry and a relatively long sampling time then the refined theory of 
sections A2.2 to A2.5 is largely unnecessary. Palmes and Gunnison 
(1973) concluded, correctly, that their simple tube design with 
irreversible chemisorption was adequate for the intended purpose, 
namely, the sampling of mine gases in potentially flammable 
atmospheres. Subsequently, however, some commercially available 
designs appeared which were ill-conceived, particularly with respect to 
the air velocity effect. In one version, intended for occupational 
hygiene sampling, the carbon adsorption element was not well shielded 
from draughts. Its uptake increased with increasing air velocity 
without any apparent limit. In other words, there was little 
diffusional resistance in practice, although its designers had intended 
that there should be. Fortuitously in this case, comparisons between 
pumped and diffusive sampling in the field were just good enough not to 
cause rejection of the principle of diffusive sampling. In another 
version, also intended for workplace sampling, a silicone membrane 
(later changed to a microporous membrane) pressed directly against the 
charcoal element. Again, diffusion resistance was low and leaks around 
the membrane edge were possible. The first satisfactory badge-type 
designs were those marketed by 3M (Lautenburger et.al., 1980) and 
Draeger (Pannwitz, 1981).
Proposed sampling method acceptance criteria will allow a latitude of 
+ 30% accuracy in the workplace. In consequence, the air velocity 
effect is less significant than it would otherwise be. However, one 
must take care not to confuse acceptance criteria for sampling with the
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more controlled conditions necessary in laboratory calibration.
Validation studies of the 3M Organic Vapour Monitor (3cm diameter
badge), such as those of Van der Wal and Moerkeken (1984), have taken
the view that the sampling rate is constant, within experimental error, 
-1 -1between 20 cm s and 300 cm s . Consideration of Figures A2.1 and
A2.2 (Appendix A2.2) shows how such an idea may have become
promulgated. The uptake at zero velocity clearly cannot be zero. The
data of Zurlo and Andreoletti (1987) indicate that a convection current
of about 3 cm s could be assumed. Real uptake versus velocity curves
(indicated by the squares in figures A2.1 and A2.2) then are flatter
than the simple boundary layer theory predicts. At high velocities,
the data does not bear out the assumption of turbulent flow (S «
0 8(1/v) * ) which would give a closer approach to 100% uptake than
laminar flow at the same velocity. In Figure A2.1 we see that the
dimensionless uptake increases about 10% from 0.86 to 0.95 when
-1 -1increasing velocity from 20 cm s to 300 cm s . It is conceivable 
that such a change could be obscured by analytical error, and this 
raises the question of to what extent analytical errors have clouded 
the comparison of one sampling method with another. Confirmation of 
the effect at higher velocity is obtained from the data of Pozzoli and 
Cottica (1987). This shows clearly that, for a 3.0 cm diameter tube, 
the uptake has not reached the plateau at 150 cm s (^0.94). Boundary 
layer depths (S) calculated from Pozzoli and Cottica are in agreement 
with those of Zurlo and Andreoletti, at least for the 0.4 cm air gap. 
Calculation of S for the larger air gaps used by Pozzoli and Cottica 
appears to show that 6 is almost a linear function of the air gap, a 
result which may be due to some unexplained analytical bias.
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Under field conditions, the air velocity effect may be less significant 
than proposed in the foregoing discussion, particularly in freely 
moving air outside buildings; but there is no simple way to verify 
this. In any event, badge-type diffusive samplers should be calibrated 
under realistic conditions at not less than 150 cm s * air velocity. 
There is no conflict here with the advice of manufacturers of badge 
devices that 20 cm s is an adequate face velocity. As argued above, 
there should be sufficient latitude in the acceptance criteria to 
tolerate the resulting bias. The corresponding minimal calibration 
velocity for the Perkin-Elmer tube would be 10 cm s (Figure A2.2). 
This air velocity is relatively easy to exceed in a simple standard 
atmosphere generating system, unlike the requirement for 150 cm s for 
which circulation fans may be necessary. The advantage of the tube 
design, with respect to air velocity, is that theory and practice seem 
agreed that sampling bias is acceptable in 'still' air. In this 
context, by sampling bias we mean the ratio of diffusive uptake at any 
air velocity compared to the maximum uptake at the 'plateau' velocity 
(dimensionless uptake = 0.9 at 3 cm s estimated from figure A2.2).
On the question of transient response of diffusive samplers, Figure 
A2.3 (time-lag correction factor Y) and Figure A2.4 (error due to short 
pulses) confirm that 10 minutes is a reasonable lower limit for the 
Perkin-Elmer tube (Y ^ 0.98). Admittedly, the condition of square 
pulses every 20 s is an arbitrary one, but this is a situation which 
might occur realistically, for example, when handling solvent-degreased 
metal sheets. Transient exposure is of some significance. Many 
substances suspected of having acute toxic effects are assigned a 
short-term exposure standard with a reference period of 10 minutes. 
Normally though, 10 minute sampling with the Perkin-Elmer tube is not
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recommended as the sole method of evaluating a work process. Underhill
(1983) and Bartley et.al. (1983) have commented that the error due to a 
high'concentration spike at the end of a sampling period can be reduced 
by the use of a sorbent-coated cap (section A2.3). The suggestion has 
not been generally adopted for personal monitoring devices, though for 
the Palmes tube (air gap 7.1 cm) the precaution would be worthwhile.
At the beginning of this section it was said that the simple theory of 
Fick's first law was sufficient for ideal sorbate-sorbent pairs. 
Workplace air sampling may require the simultaneous measurement of 
sorbates which have a wide boiling range. It may be that no single 
sorbent is ideal in such a situation and so the theory must take 
account of the non-ideal case. Even so, to be practical it must use 
input variables that are obtained relatively easily. For example, in 
the diffusion model of Patel et.al. (1987), intra- and inter-particle 
diffusion in the sorbent bed were distinguished, but it is difficult to 
measure these parameters separately in order to take advantage of such 
features in the model. In fact, the experimental effort involved would 
be comparable with the direct measurement of uptake rate that we wish 
to avoid in all but a few test cases. The approach of Van den Hoed
(1989) was slightly different. Diffusion is assumed to occur in time 
slices of 5 minutes and distance slices of 2mm down the sorbent bed. 
After the first 5 minutes, knowing the diffusion coefficient and the 
dimensions of the air gap, a mass balance would give the total 
concentration of solute in the first 2mm of bed. The concentration of 
solute in the gas phase within the bed (CQ) is given by the adsorption 
isotherm, because it is assumed that no solute is lost or gained during 
this time and that equilibrium obtains. In the next time increment the 
diffusion flux into the next 2mm slice is defined by the solute
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concentration in the gas phase, the void volume and the tortuosity 
factor y * The uptake rate through the air gap at constant external 
concentration is naturally defined by CQ. Provided that the isotherm 
remains linear, this is a numerical solution of a modified form of 
Fickfs second law described by Adley and Underhill (1989). After the 
elapse of some time, however, the isotherm must eventually become 
non-linear. As a consequence, CQ must increase and uptake rate 
decrease. Simultaneously, the increase in CQ will be mitigated by an 
increase in bed diffusivity, which is a significant effect for those 
non-ideal sorbate-sorbent combinations which are of most interest. It 
follows that the measurement of a large number of adsorption isotherms 
is important for the utility of the model.
Dynamic GC measurements of adsorption isotherms, such as the 'Elution 
by Characteristic Point' (ECP) method, are more convenient than static 
methods for such a purpose because a complete isotherm may be obtained 
in a single run. However, one should be concerned about the accuracy 
of the upper region of strong curvature, where the refined non-linear 
model is attempting to predict a complex situation. There are some 
problems associated with the application of the ECP method to 
adsorption isotherms at or near ambient temperature. Short columns 
with a small compressibility correction and reasonable retention times 
are convenient, but according to Conder and Young (1979, p.375) short 
columns are not recommended. Non-ideal chromatography would tend to 
cause peak broadening, particularly on the diffuse side. From the work 
with benzene, 2-butanone and dichloromethane on the PI-159 material 
there was no direct evidence of this, apart from peak broadening on the 
self-sharpening leading edge; each isotherm was determined only once 
from a single injection. In further experiments with the synthesised
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bis(4-aminophenyl)sulphone polyimide in a 6cm column it was found that 
a series of chromatographic response curves of n-octane at different 
loadings were not quite superimposable on the diffuse side (Figure 
3.2.2). It was inplied by Conder and Young that the minimum desirable 
column efficiency was about 1000 theoretical plates. In this work the 
columns had no more than about 35 theoretical plates. The question of 
column length was discussed in the review of Huber and Gerritse (1971) 
but the results were equivocal. Their Figure 5, showing 
near-superimposition of peaks obtained on a 100cm column, is not 
dissimilar to Figure 3.2.2 in this work obtained on a 6cm column. 
Therefore, this requirement of superimposition of the diffuse sides 
appears to be difficult to meet. Moreover, the small differences that 
Huber and Gerritse observed between isotherms on 50cm and 200cm columns 
may not be significant in the present context. Gregg and Stock (1958) 
obtained good agreement between a frontal analysis method, similar to 
ECP, and static equilibrium measurements of n-hexane on silica gel on a 
20cm column.
An alternative approach to isotherm measurement was considered in 
modelling the tube-type sampler. The effective diffusivity can be 
measured directly in a diffusion cell (Wicke and Kallenbach, 1941). In 
this method, a porous bed or single pellet is bounded by two gas 
streams. A pulse or continuous concentration is injected in the inlet 
flow and monitored at the outlet by one of the usual gas 
chromatographic detectors. A theoretical description of statistical 
moments applied to the measurement of diffusivity was published more 
recently (Burghart and Smith, 1979). The method is probably more 
suited to diffusion in small pellets that are resistant to 
pressure-induced flow. One can imagine that in relatively porous
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packed beds the inlet and outlet flows must be exactly equal. Direct
sampling within the bed has also been considered, but the diffusive
tubes considered here are too small to withraw an aliquot of gas phase
within the bed, although it is conceivable that the whole bed could be
segmented and analysed by some thermal desorption technique after
various sampling times. A radio-tracer method is a more elegant
133solution. It has been found that the diffusion of Xe in packed beds 
follows the linear isotherm equation A2.24 quite well (Underhill,
1977).
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CONCLUSIONS
Sorbent tubes used in workplace pumped air sampling are analogous in 
operation to short gas chromatography columns, but it has been shown 
that extreme non-ideal behaviour at ambient sampling temperatures is 
significant in the prediction of safe sampling volumes for some solutes 
to be sorbed with 100% efficiency. This behaviour, which is important 
in sampling recommendations, was obscured by the much higher column 
efficiency obtained when experimental work was carried out with long 
columns that did not represent the actual sampling device. The 
technique of extrapolating retention volumes obtained at diferent 
temperatures has been over-simplified by some workers and analytical 
gas chromatography columns may have been used by them to avoid the 
problem of calculating the thermodynamic retention volume V_ from broad 
chromatographic peaks.
The search for novel sorbents has involved comparative testing and 
appraisal of existing sorbents such as Tenax TA, Chromosorb 106 and 
Spherocarb. It has been known for some time that mechanisms of 
sorption on porous polymers are complex and several computer programs 
have been written to evaluate elution profiles from short columns. It 
has been demonstrated here that slow sorption kinetics or mass transfer 
effects on Tenax have a disproportionately large effect on breakthrough 
volumes for molecules with bulky terminal functions such as 
trichloromethyl- and tert-butyl- and it is proposed that a micropore 
molecular sieving mechanism was operating. The same effects were not 
observed for other polymeric sorbents where adsorption at the macropore
surface is relatively more important in the contribution to VD or the
R
specific retention volume V .
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A simple model of non-linear chromatography has been shown to agree 
with experimental data for the sorption of 1,1,1-trichloroethane on 
Tenax and accounts for the extremely small breakthrough volumes found 
for this solute-sorbent combination when compared to the thermodynamic 
retention volume.
The true rate of diffusion through porous beds for non-ideal
combinations should be determined experimentally in a few cases. It
would be interesting to model the penetration of 1,1,1-trichloroethane
through a thick porous bed of Tenax where the slow sorption kinetics
may increase the effective diffusivity. This might have implications
in any proposed diffusive sampler model, since in the existing models
slow kinetic processes within the bed are not accounted for. The
effects of transient concentration changes and air velocity were shown
not to affect the tube-type sampler significantly, under typical field
conditions. As an approximate guide, in the thin-bed sampler (the
badge type), changes in uptake rates may be calculated by simple
relationships such as equation A2.22, where K, or its numerical
5 3 - 1equivalent V , takes values less than 10 cm g
The carbon sorbents tested here have shown some reactivity towards 
halogen and carbonyl compounds and to some extent alcohols at 
temperatures lower than previously thought. Such degradation reactions 
may be difficult to avoid, because at temperatures practicable for 
analytical thermal desorption, oxygen is chemisorbed on the surface and 
any trace metals would catalyse the various oxidation reactions. 
Nevertheless, further work is necessary to evaluate any new carbon 
sorbents for lower catalytic activity, because good sorbents for light 
to hydrocarbons are lacking.
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Polyimides were selected as promising novel sorbents for air sampling. 
From the results of initial testing during this work, involving the 
measurement of retention parameters, calorimetry and gas chromatography 
of thermal artefacts, it can be concluded that the properties of 
polyimides are subject to variations that may occur in the synthesis 
conditions. Gas chromatographic measurement of and calorimetry were 
in agreement that material obtained from Dr.E Pellizzari (PI-3) and 
material synthesised in this work (PI-2) had very different properties. 
These differences may be due to impurities in starting materials, the 
speed of the precipitation or some unsuspected reason. Whether the 
differences observed between the PI-2 and PI-3 materials in terms of
V , heats of adsorption or specific surface area are due to moleculary
weight alone, or whether precipitation conditions are a factor, is not 
possible to say from the present investigation. Further work is needed 
to assess whether a product with reproducible properties can be 
synthesised. Having been synthesised, the problems of the high thermal 
blank or production of artefacts, may be addressed. At present, 
although the PI-3 material has sufficient adsorptive capacity to be 
used as an air sampling sorbent, thermal desorption at 200-250°C 
induces the emission of volatile artefacts, which would interfere with 
trace or environmental analysis. Without the production of these 
artefacts, PI-3 would be acceptable, therefore a study of the volatile 
emissions, using gas chromatography-mass spectrometry might indicate 
the cause of the problem.
The synthesis of a consistent polyimide product based on published 
procedures would be no simple matter for several reasons. Firstly, 
although the general synthesis conditions have been published for a 
number of diamine and anhydride precursors, these are only a guide.
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The industrial synthesis procedures are proprietary and confidential, 
particularly the temperature-programmed cure cycles of the 
poly(amic)acid to polyimide conversion. It would not be simply a 
question of curing at the highest temperature for the longest time; a 
lower temperature cure may improve toughness, for example. Second, the 
purpose of industrial scale manufacture is to some extent opposed to 
that described in this work. For structural material, the main 
considerations are those of film strength, fracture toughness and 
resistance to solvent adsorption, particularly water. Third, if a 
sorbent could be made with suitable properties there would be 
difficulties in manufacturing on a commercial scale at reasonable cost, 
bearing in mind the cost of aromatic diamines and the concomitant 
health risks. Despite these disadvantages, there are many unexplored 
variations on the theme of polyimides, in which for example, other 
dianhydrides can be used as starting materials to create a polymer with 
the properties desired.
Work on analytical aspects of thermal desorption - gas chromatography 
has shown that a wide variety of common volatile solvents could be 
stored on Tenax in stainless-steel sampling tubes for periods of at 
least 1 year, mostly without measurable losses. Compression fittings 
sealed the tubes securely. The qualitative identification of peaks in 
capillary gas chromatography was not affected by changes in the 
chacteristics of the stationary phase over 3 years and it was concluded 
that the changes were minimised by thermal desorption, as opposed to 
solvent desorption in which the column is exposed directly to liquid 
and particle contamination. For this reason, and because of 
interference of solvents in some analyses, thermal desorption 
techniques were preferred.
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Figure 3.5 Partial Oxidation of n-Hexane on Charcoal 
fSutcliffe-Speakman)
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Figure 3.7 Effect of Pressure on the Peak Shape of 
Tert-Butanol on Tenax at 80°C
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Appendix A l . l
REM PROGRAM: MOMENT
REM ANALYSIS OF PKS BY STATISTICAL MOMENTS WITH SLICE BUNCHING
REM M.D.WRIGHT 11 APRIL 19S9
REM CALCULATES DESORPTION VOLUMES AT 1-99.8X ELUTION
REM MANUAL PEAK START, STOP DEFINITION
DIM N$[ 26 ] j I■$£ 26 1, SC 255 3
LET H 1=H2=C1=C2=S1=S4=P5=P6=A5=A6=A7=S6=0 
LET N3=l
PRINT "FILE SETUP"
FILES *,SLICE,SLICE2 
FOR J=1 TO 238 
PRINT #2? J 
NEXT J
PRINT "PEAK START? STOP? BUNCHING? RAW FILE"
INPUT 10 j T5? B0? R$
PRINT "EXTEND BASELINE FORWARDS OR BACKWARDS (F/B)"i 
INPUT A$
ASSIGN R*,N3,E1
IF El#3 THEN PRINT "ASSIGN ERROR "?E1
READ #1j1?I $» N j N j N$ 5 N 5N$,N,N?NjN,N$ j N$? N$ j N$ j N$ j N j N j W ? N j R0
IF T5 >= R0 THEN 928
LET P 1=T0*60/W
LET P2=T5*60/W
LET P3=P2-P1
REM POSITION POINTER AT PEAK STOP? READ BASELINE 
LET T 1=T5 
G 0 S U B 6 9 0 
LET S3=S2=B*B0
REM POSITION POINTER AT PEAK START 
LET T 1= T0 
GOSUB 698 
PRINT #2,1
FOR J =1 T U P 3 sB 0 
LET S=0
FOR K = 1 TO B0 
READ #N3;SCK3 
LET S=S+SC K ]
NEXT K 
IF J=i THEN GOSUB 89Q 
IF S<S2 THEN LET S=S2 
PRINT #2 5 S-S2 
LET P4=<J-.5>*<S-S2>
LET P5=P5+P4 
LET P6=P6+<S-S2>
NEXT J 
LET W=W*B0
REM P7 IS FIRST MOMENT RELATIVE TO PEAK START 
LET P7=P5/P6
REM Ml FIRST MOMENT IN MINUTES 
LET P1=P1/B0
172
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529
530
540
550
560
570
580
598
600
618
628
630
648
650
668
678
680
690
780
718
720
738
748
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880
810
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838
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Appendix Al.1 (cont.)
LET M1=<P7+P1>*W/68 
PRINT
PR I NT ”PEAK CENTRO 1D= "5 M 15 TAB <1> ?" MIHS TOTAL AREA=
PRINT
PRINT "BASELINE: PERK START " ?A1 
PRINT "BASELINE: PEAK STOP "5 S3 
PRINT
IF P6=8 THEN 958 
GOSUB 788
PR I NT " ELUTI ON " j " R . T . "
PRINT
PR INT "1"j <J0+P1> *W/60 
PR I NT " 58" 5 c; J5+P1) *W--'60 
PR I NT " 99 " ? (.J9+P1) *W/60 
PR I NT " 99. 8 " ? < J8+P1 > *W..-'68 
STOP
REM POSITION POINTER AT SLICE EQUIVALENT TO R.T.
REM
LET T2=T1*60/N 
LET T3=INTCT2/64)
READ #1 j T3+2 
LET T4=<<T2/64>-T3>*64 
IF T4<2 THEN LET T4=2 
FOR 1=1 TO T4-1 
READ #15D 
NEXT I 
RETURN 
READ #2 ?1
FOR J=1 TO P3/B8 
ON END #2 THEN 888 
READ #2 j S 
LET S6=S6+S
IF S6<P6*.01 THEN LET J8=J 
IF S6<P6*.5 THEN LET J5=J 
IF S6<P6* .99 THEN LET J9=J 
IF S6< P6*.998 THEN LET J8=J 
NEXT J 
RETURN 
LET A1=S
IF A$C 1?13=“F" THEN LET S2=S 
RETURN
PRINT "PEAK STOP LONGER THAN RUN TIME "5R85TAB<8)5" MINS"
PRINT
GOTO 148
PRINT "INPUT ERROR? CHECK START/STOP TIMES"
PRINT 
GOTO 70 
END
"? P6*.2
1 7 3
Appendix Al.2
10 REM PROGRAM: GAUSS
20 REM PLOTS NORMAL CURVE OF ERROR ON k P7470
30 REM STANDARD DEVIATION, RESOLUTION AND AMPLITUDE OPTIONAL
48 REM
50 PRINT "FILE SETUP”
68 FILES SLICE2
70 FOR J=i TO 230
80 PRINT #1,J
90 ON END #1 THEN 110
100 NEXT J
110 PRINT "OUTPUT BVC "?
120 INPUT PS
130 OUTDVC “PS"jE
148 IF P$="“ THEN LET PS="T*"
158 PRINT "STANDARD DEVIATION? AMPLITUDE? NO. OF POINTS"
160 INPUT D 1? A 1? P 1
170 DEF FHA < X > = ( . 398942/D 1 > -s-2. 71828T < -XT2/ < 2*B 1T2 > >
180 LET F=A1/FNA03>
190 DEF FNB <X >=F*FNA(X >
209 LET P2=-INT(Pl/2)
218 LET P3=INT<Pl--'2>
228 PRINT #1?1
230 FOR X=P2 TO P3-5 STEP 5
240 PRINT TAB<1> 5 X+P3+1? TAB<8)? FNB<X>?TABC22> ? FNBCX+1> ?
250 PRINT TABC36)? FNB<X+2)? TAB<58> ? FN8<X+3)? TAB<64> ? FNB<X+4>
260 PRINT #i;FNSCX>;FNB<X+n;FNBCX+2^iFNBCX+3>;FNB<X+4)
270 NEXT X
280 OUTDVC "449"?El
298 PRINT "IN"
3 8 0  P R I N T  " I P 2 5 0 , 2 7 9 ? 1 0 2 5 8 ? 7 4 7 9 ? S P 1 "
318 READ #t?l
328 FOR X = 1928 TO 9496 STEP 7576/Pt
338 READ #15 V
348 LET Y=Y■*• (’3736/A 1 > <  1880/S 1 > +1288
358 p r i n t  "PA";x;y ;"p d ;"
368 NEXT X
378 PRINT "SP8?“
388 END
CURRENT PROGRAM SI2E:6l6 
MAXIMUM PROGRAM SIZE:9033 
EXECUTION STACK SIZE:8244
1 74
Appendix Al.3
IQ REM PROGRAM SKEU2
20 REM SKEWED VERSION OF GAUSS. BASED ON GLUECKAUF SOLUTION 
30 REM FOR FINITE LENGTH COLUMN. PLOTS ON HP7470 
40 REM
58 PRINT "GLUECKAUF MODEL”
68 PRINT "FILE SETUP"
76 FILES SLICE4
38 FOR J=1 TO 58
98 PRINT # 1 ? J
108 ON END #1 THEN 128
110 NEXT J
120 PRINT "OUTPUT DVC "5
138 INPUT PS
148 IF PS=”“ THEN LET PS="T*"
158 PRINT "START? STOP? HO. OF POINTS? AMPLITUDE? PLATES"
160 INPUT T1?T2?P1?A1?N8 
178 LET T0 = 1
180 IF T 1=8 THEN LET Tl=.8081
190 DEF FND<T'i = <SQR<N8/<6. 28319*T*T0> ) >
280 DEF FNC<T > =2.71828t(-NO*<<T-T8 > t2>/<2*T*T0> >
210 DEF FNACT>=FNC<T:)*FND<T)
228 LET F=A1/FHA<1>
238 DEF FHB<T>=F*FNA<T>
248 LET P3=<T2-T1?/Pl .
258 PRINT #1,1 
268 OUTDVC PS? E
278 PRINT "START? STOP "5T1,T2;M "5 PI 5" POINTS"?" N="?N0
280 LET S1=0
298 FOR T=T1 TO T2 STEP 5*P3
308 IF FNB<T'* '>31 THEN LET S1=FNB(T>
310 PRINT TAB<n;T!TflB<9>;FNB<T^;TABC235,FNBCT+P3);
320 PRINT TAB (37) ? FN8<■ T + P 3 * 2 ? T 0 b < 5 O  ! FNR (T+ps^3'> \ TAB<65> 5 FNB<T+P3*4
338 PR I NT # 1 ’? FNB <T> ? FNB T+P3> ? FNB < T+P3*2 .V? FNB < I+P3*3 > ? FNB < T+P3*4 >
340 NEXT T
350 OUTDVC "#49”?El
368 PRINT "IN"
378 PRINT "IP258?279?18250?7479?SP1"
388 READ #1?1
398 FOR X=i920 TO 9496 STEP 7576/Pi
480 READ #1JY
418 LET Y=Y* (. 3736/A 1 > * < 1000/S 1 !> +1288
420 print "pa";x;Y5"PD?"
438 NEXT X
448 PRINT "SP0;M 
450 END
CURRENT PROGRAM SIZE:729 
MAXIMUM PROGRAM SIZE:9833 
EXECUTION STACK SIZE:8118
1 75
Appendix Al.4
29 REM PROGRAM*. SKEW3 BASED OH UNDERHILL SOLUTION
30 REM FOR FINITE LENGTH COLUMN. PLOTS ON HP747Q 
40 REM
50 PRINT "FILE SETIJP"
60 FILES SLICE4
78 FOR -J=i TO 58
30 ' PRINT #1?J
90 ON END #1 THEN 110
100 NEXT J
110 PRINT "OUTPUT DVC "?
120 INPUT PS
130 IF PS="” THEN LET PS="T*"
148 PRINT "START? STOP? NO. OF POINTS? AMPLITUDE? PLATES"
150 INPUT T 1? T2 ? P 1? A 1? N0 
160 LET T0 =1
178 IF T 1=0 THEN LET Tl=.800i
180 DEF FND< T ) = <1/T>*SQR<<N0*T0 >/<6.23319*T))
190 DEF FNC < T > =2. 71328t < -N8*< < T-T8 > 12 > ■••' < 2*T*T0 > >
208 DEF FNA < T > =FNC<T >*FND<T }
210 LET F=R1/FNA<1>
228 DEF FNB<:T>=F*FHA<T>
238 LET P3=-:T2-T1>/-P1
249 PRINT #1?1
250 OUTDVC PS?E 
260 PRINT
270 PRINT 
280 PRINT
290- PRINT "START ”?T1
390 PRINT "STOP " ? T2
310 PRINT "DATA POINTS "?P1
320 PRINT "INTERVAL "5<T2-T1)/Pl
330 PRINT "THEORETICAL PLATES " ? NO
348 PRINT
350- LET S1=0
368 FOR T=T1 TO T2 STEP 5*P3
378 IF FNB<T>>Si THEN LET S1=FNB<T>
380 PRINT TAB< 1 > ? T ? TAB<9> ’? FNB<T ) ? TAB<23> ? FNB<T+P3> ;
398 PRINT TAB(37)5FNB<T+P3*2> ? TRBC51)? FNB<T+P3*3> \ TAB<65)? FNB<T+P3*4
480 PR I NT # 1 ? FNB < T ) ? FNB < T+P3 ) ?* FNB < T+P3*2 ) ?' FNB ( T+P3*3 ?* FNB < T+P3*4 >
419 NEXT T
420 PRINT
430 PRINT "-------------------------------------- - ------------------------------
448 OUTDVC "#49"?El 
450 PRINT "IN-
460 PRINT "IP258?279?10250?7479 ISP!"
470 READ #1?1
438 FOR X=1920 TO 9496 STEP 7576/PI
4-90 READ #15 V
500 LET Y=Y*<3736/A1 >*< 1080/Sn + 1230
1 7 6
in 
in 
in 
in
Appendix Al.4 (cont.)
ie p r i n t  “pfl";x;v;"p d ;
26 NEXT X 
30 PRINT "SP0?"
40 END
CURRENT PROGRAM SIZE: S'06 
MAXI MUM PROGRAM SIZE:9033 
EXECUTION STACK SIZE:8041
1 77
IQ REM ***************************************************
20 R £ M * *
39 REM * PROGRAM: SPLINE *
40 REM * *
58 REM * M. Ii. WRIGHT: RLSD HEALTH AND SAFETY EXECUTIVE *
60 REM * LONDON NW2 6LN 5 NOVEMBER 1937 *
70 REM * *
80 REM * CUBIC SPLINE INTERPOLATION OF TEMPERATURE PROG.*
90 REM * RETENTION INDICES. FOR HISUSS I ON *
100 REM * SEE W.A.HRLPNG ET.BL, ANAL.CHEN. 50*1829 <1978)*
118 REM ***************************************************
128 REM
138 HIM AC 30 ] * XC 38 3 > HC 30 3» VC 38 3 * WC303 * 8L 38 3,CC38 3< DC 38 3
148 PRINT "NUMBER OF ALKANE POINTS* OUTPUT DVC FOR TABLE OF COEFF."
150 INPUT R * p$
16.8 PRINT "ENTER R. T. (ASCENDING ORDER) * RETENTION INDEX ”
178 FOR N=1 TO R
188 INPUT XC N 3? AC N 3
190 NEXT N
288 REM *************************************************
219 REM
228 FOR N=1 TO R-l
230 LET HC N 3=XC N + lJ—XCN 3
248 NEXT N
258 LET HC R 3=HE R-13
268 REM *********************************************■****
270 REM
288 FOR N=2 TO R-l
298 LET VCN3=2*(HCN3+HCN-l3)
380 LET WCH3=3*<(HCN-l 3*<ACN+1 3-AC N 3)/'HC N 3)+<HC N 3*<AC N 3-ACN-l 3)/'HCN-Q»
318 NEXT N
328 LET VC 1 3=2*HC13
339 LET VCR3=2*HCR-1 3
348 LET WC13=3*(AC 2 3-AC13)
358 LET W C R 3=34<ACR3-ACR-l3)
360 REM ********************************************* **-+•*•**.*
370 REM
388 LET VC 2 3=VC 2 3-<HC 2 3*HC 1 3.'VC 13)
398 LET WC 2 3=WC23-<HC 2 3*UC13/VC 13)
498 FOR N=3 TO R
410 LET VC N 3=VC N 3- < HC N 3*HC N-2 3/VC N-1 3 )
428 LET WC N 3=WC N 3-<HC N 3*WC N-l 3 ✓VC N-l 3)
438 NEXT N
440 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
458 REM
468 LET BCR3 = UCR ],-VCR3
478 FOR N=R-1 TO 2 STEP -1
488 LET BC N 3= < WC N 3- (HC N-1 3*BC N+ 1 3 ) ) •- VC N 3
498 NEXT N
580 LET BC1 3 = (WCl3—HC1 3*BC 2 3).- VC 13
1 7 8
519 REM
520 REM
530 LET CC1 3=CC R 3=0 
540 FOR N=2 TO R-l
550 LET CC H 3=<3*<HL N+l 3-AC H 3 > /'HC N 3 f 2 > - < 2*BC N 3-t-BC N+l J > /HC N 3
560 NEXT N
578 REM**************************************************
5S0 REM
590 FOR N = 1 TO R-l
608 LET DC N 3=OCC N+l 3-CC H 3>/<3*HC N 3>
618 NEXT N
620 REM *************************************************- 
638 OUTDVC P$? E 
648 PRINT
658 PRINT “ " ? "
660 PRINT-"--------------------------"
670 PRINT TfiB<2); "X" ;TfiB<9>5 "A" J TRBC15>; “H" ;TRB<24>; "V";TRB<33) 5 "W”5
680 PRINT TfiB < 44 >5 “ B " * T R8 <. 57 > j ” C "? TAB < 72)5 “ D "
698 PRINT ’• ” ;
708 PRINT "--------------------------"
718 PRINT
728 FOR N=1 TO R-l
739 PRINT XCN3jTRB<8>;RCN3?TflB<14>;HCN]jTRB<22>jVCN3jTRBC30>;WCN3J
748 PRINT TfiB <141 > j BC N 3 j TAB < 53 > 5 CC N ] j TAB < 68 > ? DC N 3
750 NEXT N
768 PRINT XC R 3? TAB<8) ? AC R 3? TAB< 14} 5 HC R 3? TfiB<22> ? VC R 3 jTRB<30> 5 WC R 3 j
778 PRINT TfiB<41> j BC R 3 j TAB<53> 5 CC R 3
730 PRINT
798 PRINT " " j
308 PRINT "--------------------------"
810 PRINT
328 PRINT "R .I. CfiLCULfiTED FROM FUNCTION"?
338 PRINT " fiN + 8N*<T-XN> + CN*<T-XN>f2 + DN*<T-XN>T3"
848 PRINT "WHERE T= RETENTION TIME? XN= R.T. OF NEXT LOWER N-fiLKfiNE“ 
350 PRINT
360 PRINT "VALUES OF THIRD ORDER COEFFICIENT D > 2 INDICATE SUBSTfiNTIfi 
870 PRINT "CURVATURE. VERY LARGE VALUES OF D > 40 INDICATE THAT THE "
330 PRINT "SPLINE FIT CANNOT ADEQUATELY PREDICT THE STRONG CURVATURE;
396 PRINT "INTERVALS ARE TOO LARGE."
908 OUTDVC "T*">E
910 PRINT
928 PRINT
938 PRINT "ENTER R.T. OF PEAK ”5
940 INPUT T
950 IF T=0 THEN STOP
968 IF T <= XL 13 THEN 1810
978 IF T >= XC R 3 THEN 1030
938 FOR N=R-1 TO 1 STEP -1
990 IF T>XC N 3 THEN 1858
1008 NEXT N
1 79
1010 PRINT AC 1 3-KBC 1 ]*<T-XC 1 3> >
1029 GOTO 928
1038 PRINT ACR I+CBCR 3*<T-XCR 3>;'
1848 GOTO 928 
1058 LET T2=T-XC N 3
I860 LET S=fiC N 3+BC N 3*T2+CC N 3*T2T2+DC N 3*7243 
1070 PRINT "RI= “jS 
1830 GOTO 928 
1890 END
CURRENT PROGRAM SIZE:2241 
MAXIMUM PROGRAM SIZE:9833 
EXECUTION STACK SIZE:6273
1 80
APPENDIX Al.5 TEMPERATURE PROGRAM RETENTION INDICES
Al.5.1 Calculation of Retention Index
Isothermal retention times of hydrocarbons in gas chromatography are 
commonly reported with reference to those of n-alkanes. Index values 
are calculated by the interpolation method of Kovat (Ettre, 1964). The 
utility of isothermal retention indices and the precise method of 
calculation has been the subject of discussion and sometimes 
disagreement (Wainwright et.al., 1980) depending on whether the values 
were an aid to identification, or a means of calculating some 
thermodynamic property of the solute or stationary phase.
Temperature programming is required for real samples of organic vapour 
mixtures with a large boiling range< Indices can still be calculated 
by an interpolation method, but they are a complex function of the 
programming rate and carrier gas flow rate. Consequently, there has 
been much interest in empirical prediction of temperature program 
indices from existing isothermal gasoline and naphtha data (Hayes and 
Pitzer, 1982). The retention times cannot be linearised as with 
isothermal data, where carbon numbers of an n-alkane series are plotted
against the logarithm of the adjusted retention time. There will be a
!
tendency for the standards to elute at about equal intervals but 
non-linearity is unavoidable at the start of the run if the temperature 
program rate is itself linear (Figure Al.l).
The simplest method of interpolation is that proposed by Van den Dool 
and Kratz (1963) who treated the data as linear segments. It would be 
more satifactory to interpolate along a smooth curve joining the points 
as described by Halang et.al. (1978) who compared the linear segment
181
method with a cubic spline function. Andersson (1981) also examined 
cubic splines in molecular weight calibrations carried out by gel 
permeation chromatography and compared them with high-order polynomial 
interpolation.
Cubic splines are series of third-order polynomials that mesh smoothly 
at each datum point i.e. they have a common tangent at the mesh points. 
They have the property of being smooth without the oscillations of 
high-order polynomials'. For example, strong curvature at the start of 
the run would define a single polynomial throughout the alkane range; a 
large number of terms would be required to damp out the oscillations. 
Also, data is sparse in the sense that there are no reference isomeric 
alkanes that could be defined as having, for example, 6.5 carbon atoms. 
Although the value of every point of the spline influences every other 
portion of the curve, the effect declines rapidly as the distance from 
the point increases.
Given a set of n reference data points, x^, y^ (where i = 1 to n) they 
can be represented as a function of x (the retention time):
f(x ) = ai + b^(x - xi) + ci(x - xi)2 + di(x - xi)3 (Al.l)
To calculate the values of the coefficients b^, c^, d^ the following 
conditions must be met:
1. The first and second derivatives of the polynomials on either side 
of a mesh point must be continuous.
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2. The function
(A1.2)
must be minimised i.e. the area under the second derivative of the
function is minimised in order to produce the smoothest possible curve.
Equation Al.l is transformed by replacing x - x^ with an auxiliary
variable h. = x. - - x. (time interval) which defines the left hand 
1  l+l i
side as retention index of the next higher alkane).
a. . = a. + b.h. + c.h.2 + d.h.3 (Al.3)l+l 1 1 1 1 1  1 1
differentiating twice gives
Some further algebraic transformations of Al.3, A1.4 and Al.5 as 
outlined by Halang et al, give solutions for b^, c^ and d^.
2 (A1.4)
(Al.5)
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Al.5.2 SPLINE Algorithm
Intermediate variables h, v, w are used to solve for b, c, d.
for i 
for i
for i 
for i
for i
for i
for i
for i 
Note:
1 to n ....................  a^ (RI of reference peaks)
= 1 to n-1 h. = x. -- x. 
1  l+l l
h = h 1 n n—1
= 2 to n-1 vi - 2(hi + V i ’
V1 = 2hl' vn = 2hn-l
2 to n-1 ....w^ = 3
h. - h.
~~T  (ai+l" ai} + —  (ai" ai-i:h. h • il l-l
wi = 3(a2-ai), wn = 3(an- a ^ )
= 2 to n  v. = v. - (h. .h. 9)/ v. n (iteration)X X X X z* x—X
w. = w. - (h. .w. !)/ v. i (iteration)
i l i  l-l " l-l
, .  , „ V  (hi - i - bi+ i )n-1 to 1  b.  ---------------
v.
i
in it ia lly  b = w / v J n n n
3.a -- a. 2.b.+ b .,« ~ n n-1 i  i  l+ l2 to n-1 c. = ----------------------
1 hf h.
i i
c..-- c.
1 x. 1 J i+l 11 to n-1  d. =
1 3h.
i
variables N, R in program listing have replaced i, n above.
184
APPENDIX A2 PRINCIPLES OF DIFFUSIVE SAMPLING
This review begins with a definition of diffusive sampling under ideal 
conditions, that is a steady state concentration and an ideal sorbent. 
It goes on to consider the effects on sampling efficiency of sampler 
geometry, fluctuating concentrations ('transients') and finally 
adsorption isotherms.
A2.1. The Ideal Diffusion Sampler
Almost all proposed designs function through a one-dimensional flux of
sorbate moving by the random process of diffusion from external air
(concentration, C) to the surface of a sorbent. In the ideal case, the
equilibrium concentration of sorbate in the gas phase at the sorbent
suface is zero (C ).o
C Co
The flux is proportional to the concentration gradient 9C/3z (under 
thermodynamically ideal conditions). This is usually expressed in 
terms of Fick's first law of diffusion
J = - D 3C/3z (A2.1)
2 -1Where D is the diffusion coefficient in air (cm s ) and J is the mass 
-2 -1flux (g cm s ) or in another form
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where for convenience we redefine J as the mass flux (g s ). A is the 
cross-section and z is the length of the diffusion path. Again, 
assuming that the sorbent is a perfect zero sink for the sorbate 
molecules, the mass uptake per unit time must be proportional to the 
external concentration of sorbate in air.
Some proposed sampling devices have complicated the calculation of 
theoretical uptake rates by effectively varying the cross-section of 
the diffusion path (Lewis et al, 1985). In principal, though, the 
diffusional resistances are additive, by analogy with an electrical 
circuit. Uptake rates can be calculated under these conditions 
provided the geometry is defined. Geometry is not strictly defined for 
samplers with semi-permeable membranes directly adjacent to the sorbent 
(Bailey and Hollingdale-Smith, 1977) or with air gaps consisting of 
porous plugs (Pannwitz, 1981, 1984).
A2.2. Effect of Air Velocity
At very low ambient air velocity, diffusion of sorbate molecules to the 
sorbent must result in the formation of an external boundary layer 
which becomes an additional diffusional resistance, as if the diffusion 
path, z, were increased by an amount 6. S is a function of air 
velocity and some dimension of the sampler (d') and according to Lewis 
et.al (1985) may be defined as
8 = 4.6 (pd'/vp)1/Z (A2.3)
1.026 S 1/3 c
-1 -1Where y is the viscosity of air (g cm s ), p is the density of air
and S is the dimensionless Schmidt number (yt//pD) where D is the 
c
diffusion coefficient in air .
For a circular diffusion cross-section, diameter d, oriented at random 
between head on to the air flow (0=0) and at right angles (0 = n/2) 
let the reduced diameter be d' such that d' = d cos0, then the mean 
value of d' is
rTt/2
d cos0 d0
Jo (A2.4)
n/2
ptt/2
2d/rc cos0 (A2.5)
The integral evaluates to unity, therefore the mean value of d' is 
2d/jt. Lewis et.al. used d/n as the effective diameter of their 
sampling device, but this appears to be an error.
Substituting in equation A2.3 for y, p and D gives the approximate 
relation between 8, d' and v for laminar flow as
5 = 1.52 (d'/v)0-5 (A2.6)
Simple boundary layer theory predicts that 8 is proportional to 
(1/v)0*8 for turbulent flow (Nadeau et.al., 1978)
8 = 1.52 (d'/v)°*8 (A2.7)
but Zurlo and Andreoletti (1987) found that the relationship
8 =
d'
2 D ---
0.5
(A2.8)
3 + v
was a good fit with their experimental data for tubes 1-5 cm diameter,
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—1 2 —1 air velocities 0-200 cm s and D e 0.1 cm s . The empirical
—1constant 3 cm s is introduced to account for the finite uptake which 
is observed in 'stillr air. It represents a thermal convection current 
of 3 cm s in their experimental conditions. If, in equation A2.7, 
one replaces v by 3 + v to simulate this convection current, the 
dependence of 6 on air velocity in the two models is not very 
different, except at very low air velocities and large diameters. 
Figures A2.1 and A2.2 show how the simple boundary layer equation A2.7 
compares with the data of Zurlo and Andreoletti for 3 cm and 0.5 cm 
samplers. The values of 5 have been recalculated for the 0.5 cm 
sampler since the smallest diameter used by these workers was 1 cm.
The more familiar form of the plot is of uptake rate against air 
velocity, therefore the dependent variable is plotted as the 
dimensionless uptake 6/(Z + 5).
A2.3. The Transient Response
An implied assumption in equation A2.2 is that the time required to 
establish equilibrium within the diffusive path is infinitesimally 
small compared to the total sampling time and that the external 
concentration is constant. Consider, that the diffusion path is 
initially free of sorbate. At one end is a shutter which is suddenly 
removed. An expression is required which derives concentration within
the diffusion path as a function of time and distance.
dz
— d Z
— - - - - -  z
Let the difference in flux between z and dz be [J(z) - J(z+dz)].
Then the rate of change of concentration between z and z4dz is
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8C _ l [ J ( z ) - J(z+dz)]
(A2.9)
8t 3z
but J(z + dz) = J(z) + 3J dz (A2.10)
3z
substituting in equation A2.9 for J(z + dz)
3C _ 1 J(z) - J(z) - 3J dz (A2.ll)
3t 3z 3z
3C _ -3J _ 3(D3C/3z) from Fick's first law (A2.12)
3t 3z 3z
If D is independent of z,
3C D32C
3t 3z
2  Fick's second law (A2.13)
Hearl and Manning (1980) introduced dimensionless variables for C, .\Z i XL)
z and t to make the solution generally applicable to a diffusion 
sampler of length L exposed to an atmosphere of constant concentration
Ce‘
C - C(Z,t/Ce 
T  = Dt/L2
Z = zA
Given the boundary conditions,
l = 0, C = 0 for all T
s = 1, C = 1 for all V o
oIIp C = 0 for all I
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The solution is;
n=°°
C, j. . = £ + \ 2 (-l)n sin(nrc£) exp[-(nit)2x] (A2.14)
n=l
(Hearl and Manning, 1980)
From this general solution Hearl and Manning went on to derive a 
correction factor Y to be applied to the apparent concentration that 
would be inferred from a steady-state calibration experiment.
n=°°
1 2 v 1
  = 1 + ---- >  j
Y x ^ (nn)
n=l
2
A plot of Y for the Perkin-Elmer tube sampler (D/L = 0.047) computed
as a function of time is shown in Figure A2.3. Equation A2.15
converges in 5-20 summation terms, depending on the value of t . The
transient response or 'time-lag' effect then proves to be negligible at
all exposure times longer than 10 minutes for the Perkin-Elmer tube,
2
but note that t  is proportional to 1/L , hence the effect is not 
negligible for a tube with say the dimensions of the Palmes and 
Gunnison sampler (L = 7.1 cm).
Suppose that the external concentration C(t) was not constant but 
varying with a frequency f such that
C(t) = C(t) (1 - cos(;fx/Ji) (A2.16)
where f is the number of cycles per unit of dimensionless time t  and 
C(t) is the average concentration over one cycle. Hearl and Manning 
derived a periodic correction function $, analogous to Y for the 
steady-state, and calculated $ over 0-10 x for frequencies 0.25, 0.5
1 - e-(nn) x (A2.15)
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and 1 cycle per x. These cycles are equivalent to 20-120 s for the 
Perkin-Elmer tube, and according to this model the largest error to be 
expected after 4 minutes sampling a sinusoidal concentration pattern is 
about -10%, corresponding to a net loss of material by diffusion out of 
the sampler.
In an experimental evaluation of transient exposure, no significant 
errors in the calculated concentrations were found (Einfeld, 1983). 
Einfield exposed 3M 3500 Organic Vapour Monitors to trichloroethylene 
atmospheres varying with a frequency O.lf - 0.2f. The shortest 
exposure time used was 15 minutes (8 cycles, 60x). It is probable that 
any small transient effect was obscured by random analytical error and 
the bias inherent in uptake rates supplied by the manufacturer.
The validity of the transient response model of Hearl and Manning has 
been questioned (Bartley et.al., 1983; Underhill, 1984). Underhill has 
pointed out that it is fallacious to equate the integrated dose from 
the steady-state condition with, for example, a single short pulse 
occurring at some random time within the sampling period. In the 
extreme case an infinitely large and infinitely narrow peak at the end 
of the sampling period would result in an error with no upper bound. 
This can be explained by visualising the situation inside the air gap.
When the sampler is capped, diffusion of the pulse to the adsorbent
surface would continue. Underhill suggests that the bias, which in 
practice is usually very small, could be avoided by fitting a sorbent
cap. About half the molecules remaining in the sampler after capping
would then diffuse away from the intended sorbent surface to the cap. 
Mathematically this is equivalent to maintaining the boundary condition 
that, at the end of sampling, the concentration at the entrance to the 
sampler must be zero.
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In reality, our knowledge of the characteristics of transients is 
limited by the time constant of the continous reading monitor that we 
happen to use. Nevertheless, the amplitude to width ratio of
transients can exceed those of the simple sinusoidal model by ah order
of magnitude or more. Bartley et.al. addressed the problem of 
concentration spikes occurring at random throughout the sampling 
period. A response function for the general case was derived. From a 
purely theoretical study they concluded that the variance of the error 
over a variety of sampling start and stop times depended 
logarithmically on the pulse width and approached infinity as the pulse 
width approached zero. Making the simplifying assumption that pulse 
width and concentration are independent of frequency, the variance of 
the sampling error is given by
A = - (Nu t r 1 [ln(it St/2) + 1.5] (A2.17)
where N is the number of pulses in the sampling period Tg and St is the
pulse width. For a single pulse occurring at random within the 
sampling period the variance is given by
A = - (ixts)~^ [ln(n St/2) + 1.5] (A2.18)
Using the Perkin-Elmer tube dimensions and the uptake of benzene on an
2
ideal sorbent as an example (D/L = 0.0474) figure A2.4 illustrates the
-3effect of varying St from 10 s to 1 s at a mean period of 20 s.
A2.4. Sorbent Saturation (Thin-Bed Sampler)
Returning to consider the sorbent surface during sampling, suppose that 
the whole of the sorbent mass is in equlibrium with the sorbate. The
gaseous concentration of sorbate is not quite zero but some finite
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concentration CQ given by the adsorption isotherm. Hence the relation 
between mass uptake and time (in the steady-state) is again given by
D A
J = (A2.2)
Z
but CQ is now some function of the mass adsorbed. In the simplest
case, the linear isotherm, CQ is related to the mass adsorbed per unit
weight of sorbent (G ) by an adsorption coefficient or Henry's Laws
although strictly their equivalence depends on definitions at standard 
temperature.
Theoretical studies relating the uptake rate, specific retention volume 
and weight of sorbent for linear isotherms have been published (Posner 
and Moore, 1985; Coutant et.al., 1985). Posner and Moore derived their 
solution in terms of the total mass sampled Q
The two solutions are identical because, by definition, Q = CtR. 
Posner and Moore derived an approximation for R using a Taylor series 
expansion
3 -1equilibrium constant, K. The units of K are cm g as are the units 
of specific retention volume Vg. In the following it is assumed that 
Vg is numerically equal to K
(A2.19)
Q = W Vg C [1 - exp(-Rot/WVg)] (A2.20)
and Coutant et.al. in terms of the average uptake rate R
r  = w Vq [1 “ exp(-RQt/WVg)] (A2.21)
, t
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1 + 't
—  + ---- (A2.22)
R 2WV o g
Hence a plot of 1/R against 1/t should be approximately linear with a 
slope of 1/(2WVg) and an intercept of 1/Rq; which indeed proved to be 
the case in the examples given by Posner and Moore. The fitted values 
of Vg agreed reasonably well with experimental values for methyl 
chloride on activated carbon and benzene on XAD-2 resin.
A2.5. Sorbent Saturation (Thick-Bed Sampler)
A thick-bed sampler is defined simply as one in which not all of the 
sorbent bed is in equilibrium with the sorbate. The concentration of 
sorbate within the bed is a function of time and distance from the 
initial sorption. This is the state of affairs described by Fick's 
second law
n d C _ dC 
e — ~ ~ —  (A2.23;
dz dt
Mass tranfer within the sorbent bed for a linear isotherm is given by 
Adley and Underhill as
n d2C _ d [ (l-s)K/e + 1 ] C
r u — j ~ ------------------- (A2.24)
dz dt
where y is the tortuosity factor for interparticle diffusion, e is the 
void volume of the sorbent bed and K is the adsorption coefficient or 
dynamic retention volume (Adley and Underhill, 1989). The effective
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diffusivity of the sorbent bed, De, is defined as
D S Y De (A2.25)
[ (l-e)K + 1 ]
Typically, a starting point for the value of y is about 1/3, which is 
the tortuosity of randomly oriented straight cylinders . Normally Dg 
would be expected to be very small since K »  1.
However, K is concentration dependent at high loadings of sorb&te and
Dg can be expected to increase under these conditions. Dg will also
increase in the presence of high levels of an interferent which
displaces the sorbate of interest (Vejrosta et.al., 1986). Dg is
temperature dependent to a much greater degree than the molecular
1/2diffusivity which, from kinetic theory, varies as T x . Adley and 
Underhill have presented a solution of equation A2.26 in terms of 
sampling efficiency, exposure time and a dimensionless mass transfer
resistance parameter a which they define as
where d is the thickness of the sorbent bed and z is the air gap. In 
this respect it is pertinent to note the comments of Lewis et.al., 
whose critique of the thick-bed sampler was based on the assertion that 
only a small fraction of the bed was available for sorption (Lewis 
et.al., 1985). However, the flux of sorbate per unit area reaching the 
sorbent surface depends only on z, therefore, if all other parameters 
are held constant, increasing bed thickness can only increase the 
sampling efficiency as a function of time, albeit by a very small 
amount in most cases. Theoretical sampling efficiency plots calculated
(A2.26)
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by Adley and Underhill at various values of a, appear to show the 
contrary. The paradox is resolved when one considers that the time 
axis is defined as dimensionless and inversely proportional to the bed 
depth. Indeed, a simple geometric examination of figures 3-5 of Adley 
and Underhill confirm that the theoretical sampling efficiency is the 
same, or nearly so, for 0.5 < a < 10, provided that the time axis is 
rescaled to account for the variation in bed depth.
For non-linear isotherms, only the special case of irreversible 
sorption seems to yield a meaningful analytical solution. Otherwise 
the Freundlich, Langmuir or, for carbons, the Dubinin-Radushkevitch 
constants must be obtained by some linear regression procedure and 
equation A2.26 integrated numerically.
Finally, the foregoing discussion on porous bed diffusivity has assumed 
throughout that there is little or no diffusion within particles.
Porous polymers and activated carbon are different in that respect. 
Dissolution of soloute into the bulk particles of porous polymers is a 
process which could could increase the effective diffusivity. It is 
known that some Chromosorbs, for example, have much larger apparent 
specific surface areas for hydrocarbons than for nitrogen (Colenutt 
et.al., 1985).
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APPENDIX A3 ANALYTICAL CONSIDERATIONS
A3.1 Resolution of Complex Samples
Volatile organic compounds (VOCs) are emitted from, for example, 
paints, resins, inks, thinners and cleaners. The analytical problem 
is, having sampled VOCs by whatever means, how to resolve and quantify 
all the components. Furthermore, the scheme should be practicable for 
large numbers of samples arriving continuously at the analytical 
workstation. For selectivity, the mass spectrometer (MS) is preferred 
as a gas chromatographic detector, closely followed by the Fourier 
transform infra-red spectrophotometer (FTIR). Unfortunately, both have 
serious disadvantages in a system intended for a large throughput of 
samples. The quantity of data produced by these detectors, 
particularly FTIR, is very large. The hardware costs of storing 
spectral data on several thousand GC peaks is a consideration. The 
best sensitivity achieved by FTIR (spectrum at s/n ratio of 5:1 for 5ng 
methyl methacrylate) mismatches the dynamic range of high-resolution 
capillary columns (< 50ng for linear chromatography) and although 
off-line analytical solutions, such as impacting column effluent on KBr 
crystals, have been proposed, these have yet to reach commercial 
reality. The problem of coincident GC peaks in GC-MS has a software 
solution, as far as manual operation is concerned. Automated 
quantification of coincident peaks is just possible with the latest 
software, provided the peak identities are already known. With a
50m x 0.22mm column it could be predicted that there would only be a
few co-elutions, given a list of 80-100 commonly occurring VOCs. On
the other hand, if the number of 'unknowns' was much larger, then
co-elution would invariably defeat the MS software in an automatic 
sequence. With a large sample throughput, the argument against MS
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detection, then, is that the selective power of the technique is 
largely unnecessary for the limited number of commercially significant 
VOCs.
Guiochon (1966, 1978, 1980) has reviewed the balance between speed and 
resolution in gas chromatography and concluded that there is a 
advantage to be gained from the use of hydrogen carrier gas and high 
inlet pressures. Ideally, analysis would be performed with narrow-bore 
capillaries (0.1-0.15mm i.d.) and hydrogen carrier to deliver the 
required resolution in the minimum time. In practice, the design of 
the Perkin-Elmer ATD-50 does not allow hydrogen to be used and the 
dynamic range of ultra-narrow bore columns is too small for most 
quantitative analysis. The dynamic range problem is not unique to 
thermal desorption , but without the facility of re-injecting the 
sample, either some peaks will be too small for quantification or too 
large for identification by retention time. The best compromise that 
could be found were 50m x 0.22mm columns of phase thickness 0.5-1.0 /jm. 
The problem of co-eluting peaks was addressed by the method of dual 
capillary columns in parallel, fitted to the same transfer line from 
the cold trap and coupled to dual FIDs. Two silicone stationary phases 
were chosen (BP-1 and BP-10, SGE Ltd.). Given the high resolving power 
of the two columns, the selectivity difference was more than adequate 
and a polar phase, such as a polyglycol, was unnecessary. Possible 
interferences, defined here as retention time interval less than 0.05 
minutes (or 2-3 index units depending on retention time), for BP-1 
were: ethyl acetate and n-hexane, cyclohexane and 2-methylhexane, 
tert-butyl acetate and trichloroethylene, n-propyl acetate and 
ethoxyethanol, iso-propyl acetate and n-butanol, carbon tetrachloride 
and 2-methoxypropanol, 2-methylcyclohexanone and 3-methylcyclohexanone,
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1,4-diethylbenzene and n-butylbenzene. For BP-10 the possible 
interferences were: acetone and iso-propanol, iso-propanol and 
n-hexane, cyclohexane and 3-methylhexane, cyclohexane and ethyl 
acetate, benzene and iso-propyl acetate, 2-methoxypropanol and 
n-butanol, sec-butyl acetate and toluene, n-decane and ethoxyethyl 
acetate, 1,3,5-trimethylbenzene and cyclohexanone. In cases were there 
is no known difference in functionality between isomers, m- and 
p-xylene or m- and p-ethyltoluene for example, co-elution is not 
important. The same applies to many C^-C^ aliphatic and alicyclic 
hydrocarbons. One exception is n-hexane which uniquely metabolises to 
a neurotoxic ketone in the body. 2-Butanone is believed to potentiate 
this effect, hence the selectivity of two columns is often required to 
resolve a number of closely eluting light hydrocarbons.
The problem was, at one level, a routine quantification of one or more 
components of the thermally desorbed sample. The identity of the 
components might be suspected from a consideration of the products used 
in the workplace. A calibration table of retention times and response 
factors on the two phases BP-1 and BP-10 produced dual reports which 
either did or did not confirm identity. For single samples, the 
consequence of failure to identify some components was trivial. If 
peaks were of any significance, a visual examination of the 
chromatograms and injection of more standards usually resolved the 
question. For an automatic sequence and a system that aimed at largely 
unattended operation, mis-identification of peaks had serious 
consequences. It was time-consuming to check visually up to 5000 peak 
data items from a 50 sample sequence. Therefore, attention was paid to 
instrumental factors and the optional peak selection rules allowed by 
the standard software. The identification depended on correlated
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retention times alone, so the criterion for setting identification 
windows was carefully chosen. Given equal sample size, retention-times 
of peaks eluting up to 25 minutes varied by no more than + 0.001 
minutes (+ 0.005%), s.d., in the short-term over 16 hours, but because 
of long-term drifts over several weeks, or shifts in retention time as 
a function of column load, the smallest identification window that 
could be recommended was 0.04 minutes. Most systems, including the 
HP3357, allow automatic updating of retention-times in the calibration 
file. There are many compromises in such a scheme. For example, in 
the HP3357 system only peaks actually found are updated. If this was 
allowed to occur, the calibration files of closely spaced components, 
would become corrupted. Consequently, automatic updating was 
suppressed. Despite the the conservative setting of the identification 
window, the system depends on retention-time variation being closely 
controlled by auto-injector consistency and reproducible GC performance 
in temperature programming. However, some workers have reported random 
variation of + 0.05 minutes (+ 0.25%) in temperature programmed GC 
without comment or explanation, relying on the presence of internal 
markers for accurate calculation of retention index. Such variation 
may just be acceptable if all the samples were similar or, for 
quantification, all peaks were assigned the same response factor (for 
example, white spirit vapour). Although VOCs found in significant 
amounts in workplace air only number 80-100, they do occur in many 
combinations and concentration ratios. In the analysis of volatile air 
pollutants by thermal desorption, the addition of retention time 
markers such as n-alkanes is not usually advisable, unless the sample 
is known not to contain any such markers. Without the option of adding 
retention-time markers, the above scheme would invariably be defeated 
by retention-time variation of + 0.05 mins., if it were the typical
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instrument performance. Unfortunately, manufacturers are reluctant to 
specify performance parameters of this type because there are no agreed 
standard methods of measurement.
A3.2 Ageing of GC Stationary Phases
In the long-term we expect an identification scheme to have a life of 
several years, comparable with that of the hardware. Column ageing is 
then a factor. The retention index data of Tables 3.15 to 3.18 show 
the performance of BP-1 and BP-10 bonded phases over 3 years of 
continuous use. Non-polar aromatic compounds displayed little or no 
change over that time on BP-1. The behaviour of the higher aromatics 
was particularly stable with respect to the reference alkanes; shifts 
were only 0.1-0.2 index units over 3 years. The shifts for benzene and 
toluene were -0.6 and -0.4 index units respectively. The slightly 
polar BP-10 phase showed changes which were perhaps a little larger 
over 3 years, but most of the effect seemed to occur in the first 18 
months. There is some evidence from Table 3.18 (Alcohols and Glycol 
Ethers) that the BP-1 interaction with -OH groups was not as consistent 
as that of BP-10. This was borne out by the poor peak shapes for 
alcohols on BP-1. Retention times would be sensitive to the kinetics 
of sorption in the stationary phase and hence to column loading.
No comparable long-term study could be found in the literature, so it 
is not possible to say with certainty what would have been the result 
with columns exposed to repeated solvent injection. There is only 
anecdotal evidence that deterioration due to phase oxidation, solvent 
rinsing and particulate contamination causes typical column life to be 
much shorter than 3 years. Knoppel et.al. (1983) looked at retention
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index stability of various hydrocarbons on persilanised OVl over 5 
months. They observed very small mean changes in some cases (<0.1 
index units) but used internal reference alkanes at all times, so it is 
somewhat surprising that they report reproducibility for repetitive 
injection of +0.1 to +0.2 index units. In this work, the 
reproducibility of repetitive injection was within +0.02 index units 
when corrected for the internal reference alkanes; however, this does 
not necessarily demonstrate instrumental stability. Real analyses with 
the dual-column system described cannot rely on the presence of a full 
set of reference alkanes in each sample. In any case, we may wish to 
measure the n-alkane concentrations, so they cannot be added as 
markers.
A3.3 Calibration
Tables 3.22 to 3.26 give the results of a 1 year storage trial for 35 
commonly occurring VOCs on Tenax. It would be unusual for samples of 
workplace air to be stored for as long as 1 year. However, it is 
convenient to prepare calibration standards and quality control 
material in large batches. Acceptable storage criteria are inevitably 
somewhat arbitrary and depend on the application. Here, acceptability 
is defined as the recovery of at least 95% of the VOC with reference to 
toluene after 1 year. It may also be necessary to specify a relative 
standard deviation of better than +3%. If recoveries are calculated by 
an internal standard procedure, then these criteria should present no 
problem. Calculation of recoveries with reference to independent 
external standards, on the other hand, is confused by the random error 
(R) and bias (S) of standard preparation. As alluded to in section 
4.6, an overall uncertainty of less than +1.5% (S+2R) can hardly be
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expected.
In general, most VOCs met the criteria, even the ketones and esters.
For those that did not, namely n-hexane, acetone, iso-propanol and 
methoxyethanol, the reasons are readily understandable. The method of 
spiking Tenax cartridges in methanol solution was not appropriate for 
these compounds; they are too volatile and there is insufficient 
difference between the sorption of methanol and the solute. 
Consequently, some solute was lost during the purging with carrier gas 
and the amount would vary according to the purge volume. If these VOCs 
could be loaded in the gas phase with equivalent precision it is likely 
that they would prove stable.
In contrast, the methanol solutions which were used to dose the Tenax 
cartridges could not be stored for long periods. Cyclohexanone and the 
methylcyclohexanones in calibration mix 3 showed some degradation after 
2 weeks at -20°C. All solutions tended to evaporate from stoppered 
flasks over several months, even at -20°C.
There are many sources of error in the absolute calibration of a 
thermal desorption method. Volatile liquids must be manipulated with 
minimal evaporation. The procedure ultimately depends on the 
performance of a simple microlitre syringe. The absolute volume of 
delivery must be estimated by some calibration procedure that emulates 
the real situation during the loading of the tube. For example, 
calibration with mercury is not acceptable because the surface tension 
and dead-volume behaviour is quite different to any organic solvent. 
Furthermore, the procedure is merely a check on the engineering 
standard of the manufacturer; the deviation from the nominal volume 
should not be more than 0.2%. Whatever the practical difficulties, the
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calibration of syringes must be performed with organic solvents. 
Finally, mention should be made of certified reference materials 
(CRMs). CRM112 (benzene, toluene and m-xylene on Tenax) is the only 
certified thermal desorption material made commercially available so 
far. The cost of these tubes is too high for them to be used as 
routine calibration standards directly. They are best employed for 
comparison with a large operator-prepared batch of tubes that then 
become secondary reference standards.
A3.4 Permeability of Tube Seals
Estimates of the permeability of tube seals to VOCs are given in Tables
3.27 and 3.28. Originally, machined aluminium caps with a viton O-ring
were manufactured for use with the Perkin-Elmer tubes. The
-1 -1permeability of these caps (0.003-0.08 ng ppm min ) is a significant
-1 -1fraction of typical diffusive uptake rates (1.5-2.5 ng ppm min ), 
therefore they are not suitable for long-term storage, particularly at 
the sampling site. They were adequate for analysis within 1 week of 
sampling provided they had not been exposed to high contaminant 
concentrations whilst sealed. The compression couplings (Swagelok) 
with PTFE ferrules afforded a high degree of protection against 
contamination in storage. Likewise the compression couplings retained 
VOCs on Tenax better than aluminium caps with O-rings in the direct 
comparison reported in Table 3.21. An examination of the 
permeabilities found for Swagelok couplings indicated that the 
hypothetical annulus at the interface of tube and fitting is molecular 
dimensions. Therefore, the large variation in permeability from 
coupling to coupling is not surprising. Brass Swagelok was superior to 
aluminium Swagelok although the dimensions are identical. The only
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significant difference is the surface roughness of the anodised 
aluminium compared with smooth machined brass. There was evidence that 
overtightening the PTFE ferrules in Swagelok couplings increased the 
permeabilty. It was somewhat surprising that, overall, the best 
performing tube seal was the machined PTFE end-cap with Viton O-ring. 
Dimensionally, it is similar to the aluminium cap originally supplied 
for the purpose, but the clearance between the tube and cap is much 
smaller.
The long-term test at ambient concentration (119 days) was carried out 
before the PTFE caps could be obtained. The same ratio between the 
permeability of aluminium/Vi ton caps and Swagelok couplings was 
observed (Table 3.27). The high level of VOCs emitted from the 
laminated metallic foil bags was unexpected because the primary use of 
this material is for food packaging. Heat sealing the bags released 
more VOCs.
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APPENDIX A4 NOTATION
Diffusion cross-section, Knox equation constant 
Mass transfer resistance parameter 
Hydrogen-bond donor parameter 
Hydrogen-bond acceptor parameter 
Concentration in free air
Concentration in air adjacent to sorbent surface 
Solute concentration in gas phase at equilibrium 
Constant concentration (Appendix A2.3)
Diffusion coefficient 
Effective diffusivity 
Sampler geometric diameter 
Effective aerodynamic diameter 
Particle diameter 
Boundary layer depth 
Hildebrand solubility parameter 
Void volume 
Frequency
Tortuosity factor for diffusion through particle bed
Enthalpy change
Enthalpy of adsorption
Enthalpy of vapourisation at 1 atmosphere
Height of a theoretical plate
Reduced height of a theoretical plate
Diffusion Flux g s ^
James-Martin gas compressibility factor
Distribution coefficient
Total diffusion path length
Mass of solute
nth statistical moment
Number of theoretical plates
Column inlet and outlet pressures
Partial pressure of solute
Dipole interaction parameter
Mass of solute sampled
Concentration of solute in stationary phase 
dimensionless length
Initial uptake rate
Uptake rate averaged over exposure time 
Gas viscosity
Overall solubility parameter 
Schmidt number 
Standard deviation of peak 
Dimensionless time
Dimensionless sampling time (Appendix A2.3)
'Time-lag' correction factor - fluctuating concentration 
'Time-lag' correction factor - constant concentration 
Linear mobile phase velocity 
Molar volume
3 -1Specific retention volume cm g
3
Retention volume cm 
Mass of sorbent
Air velocity in diffusive sampling (Appendix A2.2) and 
mobile phase elution volume (1.3.5)
Reduced mobile phase velocity 
Distance from diffusive sampler inlet
APPENDIX A5 GLOSSARY OF TERMS
ATD: analysis of sample, usually air, by automated thermal desorption
into a gas chromatograph.
Breakthrough Volume: carrier gas volume through air sampling tube that
must not be exceeded for 100% trapping efficiency. There is no 
standard quantitative definition, but (see below) is an example.
Distribution Coefficient: the ratio of the concentration of a solute
in the stationary phase to its concentration in the gas phase at 
equilibrium.
ECP: Elution by chacteristic point, a method of measuring isotherms
by GSC from the diffuse side of a single chromatographic peak.
GSC: gas solid chromatography, in which solutes partition between the
gas phase and a homogeneous porous solid phase.
Height of a theoretical plate, H : an element of column length in
ST
which it is assumed in the plate model of chromatography that there is 
equilibrium between the mobile and stationary phase.
Non-linear chromatography: chromatography in which at least part of
the distribution of solute between the mobile and stationary phase is 
in a non-linear region of the isotherm. The effects depend on the 
shape of the isotherm.
Non-ideal chromatography: chromatography for which peak dispersion is
significantly different for leading and trailing edges of peaks.
Occurs in very short columns and the effect is always to skew the peak 
backwards with respect to the time or volume axis.
Peak centroid: the centre of gravity of a peak.
Peak median: a point dividing a peak into two equal areas.
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Retention Index: a system of interpolating the retention of solutes
between reference compounds in analytical chromatography.
Retention Volume, V^: volume of carrier gas required to elute half the£\
solute in ideal chromatography.
Specific Retention volume, V : equal to VR corrected for the mass of
-1 3 9-1 K
sorbent (units 1 g or cm g ).
Statistical moments: a method of characterising any peak shape by
expansion of a series of mathematical terms. The coefficients of the 
terms are the statistical moments.
V o: volume of carrier gas required to elute n% of the solute from an-s
pulse injection.
VOC: volatile organic compounds; usually refers to 80-100 mixed
solvents and hydrocarbons (C^ to C^) of commercial importance 
occurring in various combinations.
Void volume or hold-up volume: elution volume of a non-sorbed
substance, usually methane.
